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The Performance of Infra-Red Spectrometers as 
Limited by Detector Characteristics 


By E. F. DALY anp'G. B. B. Mc SUTHERLAND 
Pembroke College, Cambridge 


MS. received 11th Fune 1948 


ABSTRACT. ‘The performance of the average infra-red spectrometer is conditioned 
mainly by the characteristics of the detector employed. Assuming a minimum usable 
energy level at the exit slit, the square of the minimum frequency band embraced by the 
exit slit is proportional to the minimum energy level and to the focal length of the collimator. 
and inversely proportional to the angular dispersion of the prism or grating, the area of 
the collimator mirror, the energy flux at the entrance slit and the slit length. If, however, 
the time of response of the detector is taken into account, the inter-relation of spectrum 
scanning speed, signal-to-noise ratio and resolving power must be considered. For this 
purpose a simplified model of an infra-red detector has been used, defined by three parameters. 
This allows the relative merits of detectors to be assessed and the performance of any 
given spectrometer with a specified detector to be estimated. The inter-relation of resolving 
power and spectral scanning speed has been examined for “‘ chopped-beam ”’ and “‘ video ’” 
presentation. 


Si INTRODUCTION 

URING the past ten years several new detectors of infra-red radiation 
have been developed which are superior to the older ones in speed and 
sensitivity. [The general characteristics of these have been reviewed 
(Sutherland and Lee 1948, Williams 1948) and some applications have been 
made in the spectroscopic field, e.g. to achieve cathode-ray presentation of spectra 
(Daly and Sutherland 1947) or higher resolution of complex spectra (Sutherland, 
Blackwell and Fellgett 1946), but it is important to enquire into the conditions 
under which these various detectors may best be used in spectroscopy. If the 
optimum performance is to be obtained from a spectrometer designed to use one of 
these detectors it is necessary to investigate carefully the inter-relations between 
scanning speed, resolving power and detector characteristics. ‘T’his in turn leads 
to a consideration of the best way im which to define the characteristics of a detector 

which is being used for spectroscopic purposes. 

In general the resolving power obtainable with an infra-red spectrometer is. 
limited by the performance of the detector and not by the usual optical criteria. 
We propose therefore to introduce the term “‘separating power’’ to indicate the 
minimum frequency band which can be embraced by the exit slit for a given ratio 
of the signal produced by the detector to the inherent noise. It will then be the 
speed with which a spectrum can be scanned for a given separating power which 
determines the performance of a spectrometer. We start by considering how 
separating power is related to the optical constants of the spectrometer, working 
above the limits imposed by aberration and diffraction but employing the specitied 
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minimum usable power input of the detector and ignoring its speed of response. 
We next consider how this minimum power level is related to the speed of response 
of the detector, the detector noise and the scanning speed for a given signal-to- 
noise ratio at the display. In order to do so, however, it is desirable first to define 
the characteristics of the detector in terms of three parameters, viz. o the respons- 
ivity (say in microvolts per microwatt) when the full signal has been reached, 
7 the time constant (time to reach 1/e of the full signal) and y, inherent noise of the 
detector. Finally the complex inter-relations between scanning speed and 
separating power are derived in graphical form for various detectors operating in a 
spectrometer of specified design. 


$2. MODEL SPECTROMETER 
The spectrometer design employed as the basis for discussion is shown in 
Figure 1. Assuming a small plane black-body source, the power W, in the 


Camera Mirror 
Focal length 7; 


Prism Angular dispersion D,, 
Exit Slit for smal range about v 
Length l, — 
Width s, 
Effective area of collimated 

beam A at right angles to ray 


Source 


cntrance Slit 
Length 2, 

Width s, Collimating Mirror 
Focal length 7 


| Detector 


Figure 1. Elementary spectrometer. 


spectral range v to v + 5v passing the entrance slit and accepted into the collimated 
beam is given by 

A Swan Lanien 
W,= it 2 | v 

Ji 

where A is the area of the collimator mirror normal to the ray, and we assume the 
prism is sufficiently large to take all this radiation, s,, /,, f, are the width and length 
of the entrance slit and the focal length of the collimating mirror respectively, 
and E, has its usual value 


Edy, oe Pe See (1) 


v 


mt hy 
c? exp(hv/RT)-1° 
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If it is assumed that the interval dv is sufficiently small for Z, to remain constant, 
f,+” E,dv ~E,8v, and the energy passing the entrance slit will be dispersed at the 
exit slit over an area D,f,dv(1, f/f). In this it is assumed either that dv is large 
compared with one slit width, so that the expression holds regardless of aberration 
and diffraction, or that 5v is comparable with a slit width only when this is suffi- 
ciently large for aberration and diffraction to be neglected. Here D, is the angular 
dispersion, also assumed constant over the range v to v+éy, and f, is the focal 
length of the camera mirror. ‘The power W', passing the exit slit will then be 
given by the product of the exit slit area and the power per unit area in the dispersed 
image at the slit. Making the assumption that s,/s, =/,/l, =fo/ft, 


WAS ED feo spe TL ee (2) 


In deriving this expression for W‘, no account has been taken of deviations of 
the source from black-body emissivity, or of energy losses occurring on reflection 
at mirrors or by passage through windows or through the atmosphere. The 
effective energy stream available at the detector must therefore be W’, multiplied 
by some loss factor, x. 

Let W, be the minimum energy stream which, falling on the detector, will 
provide some appropriate minimum signal-to-noise ratio Mp, at the display. 
To obtain the best resolving power the slits will be closed until the energy stream 
at the detector, xW', becomes equal to W,, when the minimum entrance slit width 
$ will be given by 

Shear OAL. | Gy seas (3) 

It will be convenient to express performance in terms of a quantity, [', which 
is the frequency band in cm! embraced by one slit width. (Separating power will 
then be proportional to1/I’.) Taking again s/s; =/,/f,, it appears that [’, for the 
frequency range v to v + dy may be defined, for slit widths at which aberration and 
diffraction are negligible, as follows: 


Be Cy Deg moh appanaeieg wane ar (4) 


It may be noted at this point that /, is normally made as large as is consistent 
with a reasonable level of aberration (Perry 1938) and that under these conditions /, 
is approximately proportional to f,; /,/f;=g. Then, using equation (4), 


Wry (Wane DA Bey Se 0 cs we we (5) 


§3. SIMPLIFIED MODEL OF INFRA-RED DETECTOR 

It is convenient to assume a simplified model of an infra-red detector and then 
to specify its performance by means of three parameters. In this idealized 
detector the temperature difference produced in the receiver by the radiation signal 
is analogous to the voltage produced across a circuit consisting of a resistance and a 
capacity in parallel fed from a high-impedance constant-current generator. ‘The 
resistance corresponds to the path along which heat is lost by re-radiation and 
conduction, and the capacity to the thermal capacity of the receiver. The product 
of the resistance and capacity values gives the time constant. ‘lhe output voltage, 
V, of such a detector when a step of radiation of height W is applied may be 


represented by 
Masa tasexp (tia) leer) i oth. (6) 


where o is a steady state sensitivity (say in microvolts per microwatt), ¢ is time 
commencing from ¢=0 when the radiation is applied, and 7 1s the time constant. 
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In practice, the thermal constants of a receiver are so distributed that for high 
modulation frequency components of the incident radiation the thermal wave- 
length in the receiver may be comparable to or smaller than the receiver dimensions, 
and some form of delay network treatment must be substituted for the simple 
resistance-capacity circuit postulated in equation (6). Similarly, the heat sink 
for the receiver may be imperfect, as in some backed bolometers, giving additional 
time constants greater than 7 of equation (6). Alternatively, a thermal differenti- 
ating circuit may exist, as in the Golay cell (Golay 1947), for which V after an initial 
rise returns more slowly to zero instead of remaining constant. 

Since, for practical purposes, a detector is used with a radiation modulation 
frequency appropriate to its time constant, it appears reasonable to accept values 
of o and 7 which make equation (6) most nearly fit the experimental V’/t plot for the 
detector in question. 

A further parameter, , which is a measure of the total noise arising in the 
detector, must be introduced. Noise in any detector arises in the first place from 
random fluctuations in the incident and re-radiated energy streams or in the 
temperature of the receiver (Daunt 1945, Jones 1947, Lewis 1947, Milatz and 
van der Velden 1943) and in the second place from electrical fluctuations—J ohnson 
noise, shot noise, current and contact noise of various types. For Johnson noise 
the mean square fluctuation voltage, V2 appearing across a resistance R at absolute 
temperature 7 for bandwidth Af is given by 

VAGART RA; 2 ~~ 0S aes (7) 
with correspondingly more general relations for networks having reactance 
(Nyquist 1928, Johnson 1928). 

In a receiver system consisting of detector, amplifier and display, it is in 
general technically possible to make the noise level at the display dependent only 
on the detector noise properties and on the effective bandwidth of amplifier and 
display where, as is usual, this is smaller than the detector bandwidth. Thus it 


appears desirable to express the observed part of the mean square fluctuation 
’ voltage at the detector output as 


VESTA SOA Se SOR Os . (8) 
where p is characteristic of the detector alone and Af is normally characteristic of 
the amplifier and display alone. It is assumed that uw covers detector noise of all 
types mentioned above. It may therefore vary with the frequency at which the 
pass-band Af occurs, particularly in the case of current and contact noise. Since,. 
however, the more fundamental types of noise have a comparatively uniform 
frequency spectrum over the detector operating ranges considered, we shall assume,, 
for simplicity, that is constant for any given detector. 


§4. “CHOPPED-BEAM” AND “VIDEO” SYSTEMS 
OF PRESENTATION ree 

Using the parameters o, 7, and 1 as defined above, it is possible to find an 
expression for Wg for a receiver system including a particular detector.. The first 
system to be considered will be that in which the incident radiation is chopped, 
the radiation pulses having duration a, the effective bandwidth from the point of 
view of noise, Af, being defined as a display bandwidth extending from zero 
frequency to l/a. The peak signal voltage, V,, reached at the detector output 
when a pulse of radiation of height W, and duration a is applied is given by 


V,=oW {1 —exp (—a/7)}. rnc) 
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The detector r.m.s. noise voltage observable by means of the amplifier and display 
is given by V,, = +/(vAf) =+/(u/a), corresponding to a peak-to-peak noise voltage, 
V,,, riding on the signal and given by 


UASENI LWA) AGAG Wena. rade | ache te (10) 
where q has a value of 6 to 8 (Rice 1944). Then for a minimum acceptable 
signal-to-noise ratio, Mp, at the display 

W, = Etim Lorie NAP pg Pe ey, (11) 
o{1 —exp(—a/7)}\/a 

A second system may be considered in which the spectium traverses the exit 
slit rapidly, with a scanning speed of &cm~1/sec., and the detector output contains 
modulation corresponding to the energy changes of thespectrum. Inasystem of 
this type, in which the signal is analogous to a television video'signal, the amplifier 
response must extend from zero, or from some relatively low scan repetition 
frequency, up to a value which is just greater than the maximum modulation 
frequency occurring in the detector output. 


0 Ie 2r 3r 4r o)) 6r TAN 8T 


Figure 2. Radiation patterns at spectrometer exit slit on scanning spectra 
composed of lines at various intervals: (a) T, (6) 31/2, and (c) 2r. 


The connection between maximum modulation frequency of the radiation and 
scanning speed may be illustrated as follows. Consider a spectrometer (cf. 
Figure 1) with equal entrance and exit slit widths and with collimating mirror and 
camera mirror of equal focal lengths, operating under energy limited conditions. 
For equal inputs of monochromatic radiation at spectral separations of I the radia- 
tion pattern appearing at the detector as the spectrum is scanned will have the form 
plotted in Figure 2 (a), while for frequency intervals 31°/2 and 21 the patterns will 
resemble those plotted in Figures 2 (b) and 2 (c) respectively. Thus for separating 
power 1/I° a signal component of which one cycle corresponds to a wave number 
range of I’ or greater may be present at the detector. Ifthe scanning speed is , 
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then the maximum signal frequency at the detector will be &/I’, and this will define 
the upper limit, f,,, of the frequency band to which detector, amplifier and display 
must respond. 

For a component of the radiation signal, 8W, of angular frequency w, the 


detector output, dV,, will be given by 
: oo W 
oV.= es ee et pe (12) 

If w is limited to values less than 1/7, and the amplifier-display response is flat, 
distortion of the spectrum will not be excessive. If, however, no such limitation is 
placed on the value of w, and distortion must not become unmanageable, the 
response characteristic of the amplifier—display system must be modified. Peak 
gain must occur for the highest radiation signal frequency component, f,,, where 
fm=/T, and be reduced by the factor 4/{(1 +.w?7?)/(1 + w2,7?)}, where w,, =27fm 
for lower values of w. On this basis the signal voltage, V,, at the display, inte- 
grated over the pass-band, will be given by 


V =6Wif A eee She (13) 


and the integrated r.m.s. noise voltage by 


V,.= a {(4")(1 + <)} rs ea (14) 


which for w,,7<1 reduces to Ve =/(uf,) and for w,7>1 to V,, = ql (pf i Oe 
Thus for a minimum acceptable signal-to-noise ratio, My, at the display 


Wy=qMyv/{uf(l +o%72/3)}o. eee (15) 
In the chopped-beam system some suitable number, «, of radiation pulses 
should occur while the spectrum traverses one slit width or P'cm7}. Thus the 
scanning speed is proportional to the number of pulses per second, p/a, and to the 
frequency range covered, I’, per « pulses : 


B=al(pigaye! a eee (16) 
where p is a mark to (mark + space) ratio. 


In the video system using an amplifier of flat response within its pass-band the 
permissible scanning speed is governed by the relation 


bh’, ar es as (Mo (17) 
while for an amplifier with response of suitable form, as described above, the 
corresponding condition is 


Se a ee (18) 


§5. INTER-RELATION OF SEPARATING POWER AND 
SCANNING SPEED 


The relations derived above may now be used to discuss the inter-dependence 
of optimum separation, I), and scanning speed, Ly, in spectroscopic systems. 
Consider first the chopped-beam system. 

For the case in which the energy stream entering the spectrometer is strictly 
limited the relevant equations are (5), (11) and (16). From these it will be seen 
that I’ can be plotted as a function of a, the radiation pulse length, as can &. 
Corresponding values of I and & for a given system may then be used to yield a 
curve which represents complete information on the performance of the system. 
Curves of this type, based on spectrometer and detector data set out in an appendix 
to this account, are given in Figure 3. 
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A typical curve of log T against log &, as shown in Figure 3, may be considered 
to be made up of four distinct sections with fairly well marked inflections between 
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Figure 3. Plot of log |’ against log ¥ for (1) photoconductive cell, (2) superconducting bolometer, 
(3) Schwarz type thermopile, (4) Golay cell and (5) thermistor bolometer. 
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Figure 4. Diagrammatic log ['/log § plot for Schwarz thermopile : (a) “chopped beam” system, 
(b) “ video ”’ system. 


them (cf./Figure 4(a)). For very low values of scanning speed the resolving power 
is limited by optical aberration and diffraction and tends to become approximately 
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constant, corresponding to section I of the log I'/log = curve at the left of Figure 4. 
At higher values of scanning speed, for which the system becomes energy-limited 
but for which the radiation pulse length remains considerably larger then the 
detector time constant, the value of a/7 is large enough to make exp(-—a/z) 
negligible in comparison with unity. For this case using equations (5) and (11) 
and writing 1—exp(—a/r)=1 and €=7qMpv/p/xD,AE, go , 


Slog "Slog t= 2logs+logajgi. = tees) cae, (19) 


Section II of the log I'/log» plot, corresponding to this relation, should have a 
slope of 1/5 for any detector. 

At stiJl shorter pulse lengths, where a becomes considerably shorter than 7, 
1 —exp(—a/r) ~a/r anda further straight portion of the log I'/log plot will occur. 
Using equations (5) and (11) and writing 1 — exp (—a/r) =a/r, 


7 log V —9 log a= Zlogé-Plogg*a* (pe. i la a. (20) 


Section III of the curve should therefore have a slcpe of 3/7 for any detector. 
As a/r becomes smaller again, a point will be reached at which the thermal wave- 
length in the receiver becomes comparable with its dimensions, and a further 
inflection will occur in the log '/log X plet, the slope being subsequently greater 
than 3/7 in section IV. 


{65 COMPARTSON OF DETECTORS 

It is clear that the performance of a detector in a given spectroscopic system 
may be fairly completely represented by a log I'/log & curve: One may enquire, 
however, if there is any way of expressing detector performance by means of a 
single figure of merit. Such a criterion may be found if the assumption is made 
that the most valuable detector is one which will give a pulse signal just detectable 
above noise for an incident radiation pulse of smallest total energy, the overall 
bandwidth of the amplifier—display system being adjusted to a value appropriate 
to the radiation pulse length. 

An expression may be derived for Uo, the minimum energy of a radiation pulse 
of length a and power U,/a which will give an output voltage pulse of height 
gM, times r.m.s. noise voltage. From equation (11), setting U)/a= W, and again 
taking bandwidth 1/a, 


V (ut) Vv (4/7) 
i= =m, | leet ant perce (21) 


where the symbols have the same significance as before. ‘This expression may be 
minimized with respect to a/r to give the minimum detectable pulse energy, Up, 
which occurs when a=1-2567, giving 


Up=1-567q¢Maadiryioe 9a ine aiekcae (22) 


Thus the factor 1/(u7)/o may be taken as the figure of merit of a detector when 
sensitivity, speed and noise level have all been taken into account. 


§7. HIGH-SPEED SCANNING 
It will be seen that the optimum pulse length, a=1-2567, corresponds to the 
inflection between section II and section III of the log P'/log= plot of Figure 4 
and that at this point 


fe 


W)=1-25(qM,/c)+/(p/7). Raid ee) 


The Performance of Infra-Red Spectrometers 213 


If the infra-red source brightness is unrestricted, and no limits are placed on I or 


, it appears that equation (23), together with equation (5) and equation (16), 


specify the best operating conditions. 

It is clear that a detector may be operated at radiation chopping frequencies 
higher than this optimum if a sufficiently high value of W, is attainable, and in 
practice it may be profitable to operate the detector at chopping frequencies up to 


the inflection between sections III and IV of Figure 4. Beyond this point, in the 


region where for thermo-detectors the standing-wave pattern in the receiver 
(and for photo-detectors the duration of the primary photoelectric process) 


become important, a rapid falling off in detector performance may be expected. 


If the video system of presentation is now considered it is seen that again the 


log I'/log = plot falls into four distinct sections, as shown in Figure 4 (0), the first 


being determined by purely optical considerations. From equations (5), (15) 
and (18), for the region in which w2,7? <1, 


Slogan Oe Di LOG ees yee Ur a kbaen 3 beer: (24) 


-and the curve has a slope of 1/5, as in section II of Figure 4 (8). 


If a flat amplifier response is used, section III of the log T/log & plot will be 
2 


-determined, in the region where w;,7? >1, by equation (17). Thus 


log Wlogeel0e 277, eee (25) 


giving aslopeof1. For the appropriate amplifier—display response characteristic, 
if it could be realized, the curve would be determined by equations (5), (15) and 


(18). These give 


7 log iS log t=Z2logé--log4atr4/3, sae ne (26) 


for which the slope is 3/7. Thus it is seen that log I'/log & curves for the video 
system run parallel, in sections II and III to the corresponding curves for the 
chopped-beam system, but lie below them, indicating that the video method of 
presentation, if it should prove technically feasible, would use any given detector 
more efficiently than the chopped-beam method. With the exception of standard 
D.c. amplification systems, which may be considered as a special case of video 
presentation, the possibility of constructing amplifiers of suitable phase and ampli- 


‘tude response characteristics has not been fully investigated. 
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APPENDIX 


In computing the log I'/log & plots given in Figures 3 and 4 the optical system 
assumed is that of the Perkin Elmer Corporation Model 12B spectrometer 
(Barnes et al. 1945) using a lithium fluoride prism at 2,000 cm™. 


D Angular dispersion at 2,000 cm-t 8-7 < 10-5 radian/cm—} 
A Effective prism area 30 cm? 

E Black-body radiation, 2,000 em! 3 x 10-3 watt/cm—4/cm? 
Ui slit length (/,=/,) 1-2venn: 

fh Collimator mirror focal length 27 cm. 

we Loss factor 0:25 

M, Min. S/N required at display 50 

q Peak-to-peak to r.m.s. ratio 8 

k Boltzmann’s constant 1°37 x 10-*8 joules/deg. 
p Mark to mark+space ratio 0:5 

a Number of pulses per slit width 3 


In obtaining data on the parameters o, 7, and » for various detectors the Table- 
given below was compiled. It was found that information on pu and o separately 
was in most cases not available. Where a value of the energy stream, W,,_,, for 
which the signal voltage equals r.m.s. noise voltage, could be found, \/y/o was 
obtained from this using the relation 1/u/o=W),_,/Af where Af is the noise- 
bandwidth. 

The quantity ./(u7)/o is useful as a basis for comparing detectors, and detector 
performances given in the table are arranged in approximate order of merit in this. 
way. ‘The minimum detectable pulse energy, Up», may be obtained by multiplying 
the value of \/(y47)/o by the factor 1-567qgMp which, for a pulse just distinguishable. 
above noise, might have a value of 10. From the Table probable values of 7 and 
\/p/o for the five types of detector considered were obtained and are used in com- 
puting the curves of Figures 3 and 4. It may be noted that the value for photo- 
conductive cells is for peak spectral sensitivity, and hence is not strictly applicable. 
when the basis of computation is a spectrometer set at 2,000 cm—1. 
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Values of the constants occurring in equations (19), (20), (24) and (26) are as. 


follows : 
log € = 10-7014 + log \/u/o, log 7?a3/p? = 2-3343 +2 log 7, 
log «/p =0-7781, log 47?7?/3 =1-1191 +2 logs. 
Values assumed in computing Figure 3 are as follows: 
Detector Curve (Fig. 3) T V/ w/a 
Photoconductive cell Hl DSN= DEANS 
Superconducting bolometer 2 5 <10=4 lO mene 
Schwarz type thermopile 3 10m NOs 
Golay cell 4 5 x10 DANO 
Thermistor bolometer 5 Saline Om? 


In computing Figure 4, which is purely diagrammatic, constants for a parti- 
cular Schwarz thermopile were used, and the effect of distributed thermal capacity 
in the receiver taken to be of importance at signal frequencies above 100c/s. In 
this case 7 =4 x 107? and +/p/o=4 x 10-4. 


ff A Res. 
Detector pa a _ ee oho) References and Notes 
Photo- 1D 10 ele cles e271 @ ==>) 0°01 7-5 x 1105 sSamapsenuct aide 4s, 
conductive PbTe cell, 2-2u peak 
cells. Atioo aE 
il@=— BF CIs BIC 7/ SAN) ek — 3 108 Sutherland et al. 1946 
PbS cell, 2-5 w peak, 
200° k. 
Os BIKINI ZOO OOo — Oxley 1946, German 
chemical PbS cell 
Super- SSO OY OR A See ORD 5) Andrews et al. 1946 
conducting 1:8x10>* 1-8x10-* 2-4x10—* 0-008 16 Milton 1946 
bolometers 1-8s<10=* 1-2 10>" 5) x 10=42-—0-008) 0:3 Bell et al. 1946 
Schwarz SS SOS Serle Sal sil OOO! AX0) Perkin Elmer 1947 
type BO <1 Ome Seo Om oes < LO 42510-0045 60 Hilger 1947 
thermopiles 
Golayrcells 3-4-1054) 1-65410—) 29x 105% -—— — Weiss 1946 
5 SO FASO Ss Sl ORIWS _ Eppley 1947 


UheriMistorme ee | Ome vaso Ome Sede 10m" 30-006—n2< 108 Becker & Moore 1946 
bolometerss 9 108? 1-3 x10-2 1:2<10>% 0:004-2x 108 Bell Tel. Labs. 1947 


216 


The Luminescence of Wetted Solids 


By J. EWLES anp G: C. FARNELL* 
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ABSTRACT. An earlier observation that the association of a non-luminescent pure 
liquid with a non-luminescent solid produces fluorescence and phosphorescence in the 
liquid has been confirmed. The luminescent spectra of water, heavy water, and alcohols, 
as well as some other liquids with different negative radicals when adsorbed by various 
finely divided ionic solids have been examined and recorded. ‘The positions of the maxima 
of the main broad band are very similar for all the hydroxy liquids even with different solids 
(band peaks in the range 4300-4500 a.) and are different for the same solid with liquids 
having different negative radicals. Preliminary experiments on the relation between bright- 
ness and relative amount of liquid indicate that the phenomena are associated with the 
active sites on the solid surface, and afford evidence of the existence of these and of their 
differences on the same solid. : 

Excitation spectra confirm preliminary observations that the adsorbed molecules have 
very abnormal absorption regions indicating considerable changes in energy levels. "Two 
suggestions are made to explain the phenomena: (a) the energy changes may be correlated 
with the heat of adsorption on the active sites; (b) the adsorbed molecules are bonded 
‘to the solid by the positive radicals leaving an almost free negative ion. 


SUN DRO DLC LOm 


T was observed earlier (Ewles 1930, Ewles and Martin 1939) that many white 

solids when wetted with water showed, on excitation by the near ultra-violet, 

a faint blue fluorescence and a phosphorescence lasting for some seconds. 
‘On complete drying of the solid the luminescence disappeared. Later observa- 
tions showed that the spectral distribution of the luminescence was astonishingly 
_ similar for different solids. ‘The implication of this effect—that the mere contact 
of liquid with solid, both separately transparent into the far ultra-violet and both 
non-luminescent, is sufficient to endow the system with the power of luminescence 
under excitation by wavelengths which are not normally absorbed—clearly 
required confirmation. 


§2. CONFIRMATION OF THE REALITY OF THE PHENOMENON 


(a) The glow might be due to modified scattering. 

In such a case the spectrum would be dependent on the spectral distribution 
of the exciting light. This was found not to be so. Further, the existence of 
phosphorescence having the same spectral distribution as the fluorescence makes 
the scattering hypothesis extremely unlikely since there is so far no evidence 
for any time lag in the emission of scattered radiation. 


(6) The solid itself nught be luminescent, even when dry. 

The earlier investigations referred to above were extended and confirmed. 
Wetted silica and wetted sodium chloride showing quite a marked blue glow 
were dried by continued heating in vacuo. After three to four hours at 500° c. 
for silica and half an hour for sodium chloride all traces of the blue glow had 


* Now at the Kodak Research Laboratories, Wealdstone, Middx. 
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disappeared, even under the strongest excitation with light of wavelengths down 
to 3000 a. and with the specimen at a temperature of 90°K. Rewetting in vacuo. 
restored in large measure the power of glowing under and after excitation. 


(c) The pure liquid might be luminescent. 

‘Tap water was found to possess a marked luminescence, especially at 90° x. 
Doubly distilled water, however, showed no trace of glow under the same 
conditions. 


(d) A soluble impurity in the solid might give a luminescent solution on wetting. 

To test this the silica powder was boiled with doubly distilled water in a care- 
fully cleaned silica flask for some hours. The water remaining was decanted 
and set aside. Fresh doubly distilled water was added to the silica and the process 
repeated. After many repetitions the wetted silica in the flask was found to retain 
undiminished its power of glowing, while none of the decanted samples of water 
showed any trace of luminescence. 

Thus it seems fairly certain that the blue glow is not due to the formation 
of a luminescent solution on wetting the solid. 


(e) The luminescence nught be caused by gases dissolved in the water and adsorbed 
by the solid on wetting. 

This possibility appears to be eliminated by the facts that (i) rewetting im 
vacuo of the silica dried zm vacuo by water which has been doubly distilled and then 
boiled for several minutes produces the same effect as rewetting in air; (ii) after 
removal of the luminescence by drying zm vacuo the readmission of dry air causes 
no restoration of the luminescence even on long standing. 

These experiments thus appear to confirm the previous observations and 
conclusions that the mere contact of a suitable liquid with a white solid confers 
on the associated system the power of fluorescence and phosphorescence under 
excitation by light not normally absorbed by either separately. 


$37 INVESTIGATIONS OF THE LUMINESCENT SPECTRA 
OF WETTED SOLIDS 

A Hilger medium quartz spectrograph was mainly employed, with occasional’ 
recourse to the Hilger Constant Deviation glass instrument, and to the larger 
Hilger instrument (f=170cm.). For examination of the spectra excited by the 
near ultra-violet the excitation was from a Mazda 125 watt Mercra lamp with 
the outer glass envelope removed. ‘The most satisfactory arrangement of com- 
plementary filters available for near ultra-violet excitation was a piece of Wood’s 
glass, 6 mm. thick, on the exciting side and a silica cell containing carbon disulphide, 
of 2-5 cm. thickness, on the spectrograph side. ‘The latter has a very sharp cut-oft 
at 3750 a. and negligible absorption above this wavelength. For the far ultra- 
violet the very useful Bowen filter (Bowen 1935), consisting of a solution of 145 gm. 
hydrated nickel sulphate and 41-5gm. hydrated cobalt sulphate in 1,000 ml. 
of water, was employed (a 10cm. thickness of this filter was used, in a “‘ stopped- 
down” silica flask of 10cm. diameter). This filter has a useful transmission 
below about 3300 a. while cutting off between that region and the yellow. 

For examination of the fluorescence and phosphorescence at low temperatures 
the specimens were mounted as shown in Figures 1 and 2. 

A cardboard cylinder mounted on a wooden disc attached to the vertical 
spindle of an electric motor is provided with two horizontal slots JJ of angular 
aperture just less than the angular distance between the windows W. This 
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means that when the specimen is just seen by the slit of the spectrograph it is 
just not illuminated by the exciting light. For fluorescence work an extra aperture 
is provided in the cardboard cylinder which can be opened or covered as desired. 
‘The speed of rotation of the cardboard cylinder (usually a few revolutions a 
second) could be controlled to give visually the brightest phosphorescence for 
the sample being investigated. The solids were prepared in the form of very 
fine powders from A.R. standard substances and were purified by repeated 


Figure 1. The low tempera- 
ture specimen mounting. 
B—vacuum tight brass 
cylindrical box; FF—side 
tubes; P—Pyrex annulus; 


A—brass cylindrical box; Figure 2. Horizontal section of the general 
H—hemicylindrical gap arrangement of apparatus for the recording of 
with flat vertical back for emission spectra. S—light source; F,F.— 
mounting of specimen; complementary filters ; L, L,>—quartz focusing 
T—invar tube; D—brass lenses ; JJ—slots in rotating phosphoroscope 
disc; W—quartz windows. cylinder ; SP—spectrograph collimator ; 


SC—screening. 


re-crystallization or precipitation, except in the case of the silica which had been 
precipitated from ethyl silicate and needed no further purification except repeated 
washing with doubly distilled water. Where liquids other than water were 
employed for activation the solids were freed from water by drying in vacuo 
and rewetted zm vacuo with the pure, redistilled liquid. In every case the absence 
of luminescence of the dried solids was checked. 

The spectrograms, for the most part, were recorded on Ilford H.P.3. plates 
and photometered with a Cambridge recording photoelectric photometer, the 
photometer curves being corrected by the aid of a wavelength-sensitivity graph 
kindly supplied to us by Messrs. Ilford Limited. 

The results are summarized in ‘lables 1, 2 and 3, and some examples of the 
photometer curves of the spectra are shown in Figures 3, 4 and 7. In the case 
of solids wetted with water or alcohols the spectra consist mainly of a broad 
unresolved band stretching from the blue-green to the violet. In some cases 
there were indications of weak and ill defined bands with peaks at about 5200 a. 
and 5900 a., but these are doubtful and only the position of the main peak is 
given in Tables 1 and 2. Attempts to obtain resolution at 90° K. with the large 
Hilger spectrograph (f =170 cm.) were unsuccessful. 

The features of the spectra to which we now draw attention are :— 

(a) A similarity between different solids wetted by water but a difference 

in the peak values of the main band which exceed, sometimes consider- 
ably, the probable error (20 a.). (See Table 1) 
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(5) The shift of about 4000 a. to the high frequency side on replacing ordinary 
water by heavy water. (The heavy water was supplied by I.C.I., Ltd., 
and was given as 99-77%, pure.) 

(c) The similarity between the spectra of the same solid wetted by different 
hydroxy liquids but with significant differences, exceeding the experi- 
mental tolerance, in the main peak values with different positive radicals, 
e.g. SiO,-H,O 4367a., SiO,-D,O 3911a., SiO,-CH,OH 4266a., 
S10,-C,H;OH 4353 a. (low temperature fluorescence). 

(d) The agreement, within the experimental tolerance, of the peak values 
for fluorescence and phosphorescence. 

(e) A shift of the main peak to shorter wavelengths at lower temperatures. 


Table 1. Main Band Peaks of Luminescence of Water Wetted Solids 


- (1) (2) (3) . (1) (2) (3) 
ake O) (a) oe) oleae) O) (a.) 
SiO, 4405 4367 4360 KCl = 4369 = 
SiO,(D,O) 3968 3911 ES BeO™ 4316 a me 
CaF, 4578 4540 =“ Al,O, 4505 4488 = 
LiF 4411 4390 a ioc = a 4444 
NaF 4426 4392 eS aol Gee ge 4359 
NaCl isk 4431 4420 


(1) Fluorescent emission. Ordinary temperatures. 
(2) Fluorescent emission. Low temperatures. 
(3) Phosphorescent emission. Low temperatures. 
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Figure 3. Ultra-violet section of photometer record Figure 4. Violet and ultra-violet section of photo- 
of fluorescence spectrogram of silica wetted with meter record of fluorescence spectrogram of 
propylene dichloride (specimen at 90° K.). silica wetted with ethyl bromide (specimen at 
90° K.). 


Table 2. Main Band Peaks of Luminescence of Solids Wetted by Alcohols 


S (1) (2) (3) System (1) (2) (3) 
ystee (a.) (a.) (a.) (a.) (ay) (a.) 
SiO,(CH,OH) 4289 4266 a2 INaCl(CH Olas ae 4464 
SiO,(C,H,OH) 4402 4357 = NaCiC.H.0H) — ES 4490 


KCIl(C,H;OH) 4353 4305 4311 


(1) Fluorescent emission. Ordinary temperatures. 
(2) Fluorescent emission. Low temperatures. 
(3) Phosphorescent emission. Low temperatures. 
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Table 3. Luminescence of Silica Wetted by Non-hydroxy Liquids 


; Whe Details of Fluorescent 
System Luminescent Emission 


Spectra 

Si0,(C,H,Cl,) Bluish-violet fluorescence At 90° k. single broad band. 
and blue phosphorescence with peak at 4274 a. 
under near and far u-y. 
excitation. 

SiO,(CH;.CHCI.CH,Cl) Bluish white fluorescence At ordinary temperatures a 
and green phosphores- single broad band with 
cence under near and far peak-at 39844." Ag 
u-y. excitation. 90° k. broad band, peak 

at 4148 a. with series of 
narrow bands on u-v. 
flank at 3453 a., 3517 4., 
S578 As, 3038 S717 
(See Plate I, and photo- 
meter curve, Figure 3.) 

Si0,(C.H;Br) Bluish green fluorescence At 90° x. four well defined 
and green  phosphores- peaks in emission band 
cence under both near and ato “437iea” ATSS ies 
far u-v. excitation. 3933 A. and 3710) Ay (See 

photometer curve, 
Figure 4.) 

5i0,(C;H-1) Bluish white fluorescence At 90°x. a single broad 
and bluish-green phos- band with peak at 4320 a.. 
phorescence under near 
u-v. excitation. No 
emission under far u-y. 
excitation. 


§4, EXCITATION SPECTRA 

In order to investigate the excitation spectra the wetted solid was deposited 
as a thin uniform layer on a glass plate fitting the plate holder of the spectrograph. 
The plate so formed was then placed in the plate holder of the spectrograph 
(with the wetted solid layer facing into the camera) and, using a slit width of 
0:5mm., the spectrum of the source was projected on the wetted solid layer. 
A photograph of the excitation spectrum so produced was recorded by an external 
wide field-camera. An Ilford “‘Q”’ filter was placed in front of the lens of the 
external camera in order to reduce the effects of the short wavelength exciting 
light that might leak through the powder layer and plate. 

An intense source giving a continuous spectrum of adequate intensity and 
uniformity over the complete exciting wavelength region was not available. 
In the end we were forced to employ the discontinuous spectrum of the high 
pressure mercury vapour lamp and an approximate evaluation of the excitation 
spectrum was made in the following way. The excitation spectrum, having 
been excited and photographed as indicated above, was photometered and the 
densities of the lines appearing thereon compared with the densities of the 
corresponding mercury lines in the direct spectrum recorded on the same kind 
of plate and with the same slit width (0-5 mm.). The results for the silica—water 
system are shown in Figure 5 and examples of the excitation spectra in Plate II. 

We are not certain as to the reality of the broad excitation band with peak 
at about 3650. since the filters were by no means perfect and the emission of 
the high pressure Hg arc is very strong in this region. The curve indicates with 


PROC. PHYS. SOC. VOL. 62, PT. 4—A (J. EWLES AND G. C. FARNELL) 


F R Te 
Filter paper eee 


Si02.H20 Room ‘J'emp. 


Si02.D20 Room ‘Temp. 


S102. D20 —180°c. 


NaCl. H:0 —180*c. 


NaCl.H2O Room Temp. 


CaF.,.H20 Room Temp. 


CaF,.H,O —180°c. 


LiF .H,O Room Temp. 


ik td. Oe V30rc: 


SiO,.CH,OH —180°c. 


Si0,,€,H-OH—180°e. 


NaCl. CH;0H —180°c, 


NaCieiGor, Oy s80sc; 


SiO, .C,H;Br —180°c. 
SiO2.CH3.CHCI.CH2C] —180°c. 


Hg 


SrOseC Ey 18076: 


Plate [. 


To face page 220 


PROC. PHYS, SOC. VOL: 62, PT. 4—-A (J. EWLES AND G. C. FARNELL) 


O°H *OrS 
O°H AVI 


*durey modva Sp] YUM vajo9ds UOT}e PIX 


TM Seve 


906 


The Luminescence of Wetted Solids 221 


some certainty, however, the start of excitation at about 4000a., in agreement 
with the preliminary observations with selective -filters referred to above, and 
indicates a definite strong peak at about 31304. Very similar results were 
obtained with lithium fluoride wetted with water. 


4000A 3500A 3000A 2500A 3:3) 31055255) 5 2:0)9 1S ORO S52 O 


Figure 5. Qualitative representation of excitation spectrum of Figure 6. Variation of luminescence 


silica wetted with water. brightness with water content of 
_ Density of line in excitation spectrum wetted silica. 
Density of line in direct mercury spectrum Dy—DxR=net photographic,den- 


sity produced by image of 
fluorescent specimen. 
C=water concentration in 


molecules H,O : SiO, x 10°. 


Thus it seems certain that water adsorbed by silica or lithium fluoride is able 
to absorb radiation of wavelengths not absorbed by the liquid in bulk and, as 
indicated by the phosphorescence, to possess metastable levels not normally 
present. 


§5. RELATION BETWEEN BRIGHTNESS OF LUMINESCENCE 
AND LIQUID-SOLID RATIO 

The exciting light from a high pressure mercury lamp, after filtering through 
6mm. of Wood’s glass, was focused on a thoroughly wetted specimen contained 
as a thin layer in a circular graphite capsule, 21mm. in diameter, and 3mm. 
deep, with thin walls and bottom. The graphite forms a container which is 
black and non-luminescent, light in weight, relatively inert chemically and 
relatively non-hygroscopic. <A film camera of aperture f/2-9 was set at such a 
distance from the glowing specimen as to give an image of 2mm. diameter. 
A Wratten filter having a reasonable transmission for the peak of the main lumin- 
escent band and a carbon bisulphide cell, 2:5cm. thick, were found to form a 
fairly efficient complementary filter combination to the Wood’s glass. The 
graphite cell with its specimen of wetted solid was removed for weighing immedi- 
ately after each photograph and then some liquid removed from the specimen 
by placing the cell in a glass tube connected to a vacuum pump. For the latter 
stages of water removal gentle heating was also applied. ‘The cell was replaced 
in exactly the same position after each weighing and water removal, the camera 
film moved on lcm. and a new photograph of the glowing specimen taken. 
This procedure was repeated until no further loss of weight could be obtained, 
even after prolonged heating im vacuo. ‘The image spots were photometered 
on the Cambridge photometer referred to previously. The evaluation of relative 
brightness cannot of course be carried out from these density measurements 
alone even if the Schwarzschild law of blackening is assumed to hold strictly. 
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But putting D,=density of image of fluorescent spot, Dy = density of residual 
spot due to slight transmission of the exciting radiation by the filter system 
(i.e. density of spot when fluorescence brightness is reduced to zero, in practice 
about 0-2), and plotting D,—D, against the liquid-solid ratio, a curve results 
which appears to possess some interest. Such a plot is shown in Figure 6 for 
the silica—water system. 

It will be observed that there is no indication within the range covered of 
the existence of an optimum concentration, but that there is first a gradual and 
relatively small drop of brightness over a large range of liquid content until a 
point is reached corresponding to about one molecule of water to 25 molecules 
of silica. There is then a rapid fall in brightness to a region of about one water 
molecule to 100 silica molecules. Such a result expressed in this manner would 
not appear to possess any special interest, but it had been noticed in preliminary 
investigations that the brightness of the luminescence of any wetted powder 
was clearly connected with the size of the particles; the smaller these were the 
brighter the luminescence. These observations, taken in conjunction with the 
spectral indications that the luminescence is related to adsorption, suggested 
an attempt to correlate the brightness with the specific surface of the solid (surface 
area per gm.). 

The specific surface of the precipitated silica employed in the brightness— 
concentration experiments was kindly determined for us by Dr. Ashley and 
Mr. Catchpole of the Fuel and Metallurgy Department of the University of 
Leeds. ‘They employed the low temperature nitrogen adsorption method of 
Brunauer, Emmett and Teller (1938). ‘The value of the specific surface so obtained 
was 172m?. Using this value together with the value of 11 a? for the area 
of the water molecule (the mean of two values quoted by Brunauer (1944)) it 
appears that the beginning of the rapid rate of fall of luminescence corresponds 
to the occupation of about one quarter of the surface by the water molecules. 
At the moment, we do not wish to assign any particular significance to the actual 
numbers, for neither the reliability of the underlying assumptions of the Brunauer, 
Emmett and Teller method nor the accuracy of the brightness determinations 
warrant this. It does appear reasonably probable, however, that the order is 
correct, for the size of the particles determined from an x-ray diffraction pattern 
obtained for us by Dr. G. W. Brindley of the Department of Physics of this 
University is of the same order as that indicated by the adsorption values. 
Moreover repetitions of the brightness—concentration curves gave the sudden 
drop of brightness at about the same point. (Some preliminary results for silica 
wetted with ethyl alcohol indicate that in this case the onset of the fall in brightness 
occurs at a coverage corresponding to approximately a monomolecular layer). 


§6. GENERAL SURVEY AND DISCUSSION OF RESULTS 

Shifts in the spectral absorption of molecules adsorbed by solids have been 
observed by de Boer and his collaborators (de Boer 1935), but the production 
of luminescence by the contact of a non-luminescent liquid, such as pure water, 
with a non-luminescent solid, such as silica, under excitation by radiation not 
normally absorbed by either, provides evidence from a new angle that the process 
of adsorption involves energy changes in the adsorbed molecule. The occurrence 
of phosphorescence visible for some seconds after excitation indicates the intro- 
duction of metastable levels not previously existent, or of some measurable 
probabilities for normally forbidden transitions. The similarity between the 
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luminescent spectra of the same solid wetted by hydroxy molecules having 
different positive radicals, and the marked difference introduced by substituting 
heavy water for ordinary water, or in replacing the —OH radical by another 
negative radical, strongly suggest that the change of energy levels resulting in 
new regions of absorption and in luminescence is associated with energy changes 
in the negative radical brought about by the interaction of the adsorbed molecule 
with the solid surface. 

The onset of a rapid fall of luminescence with liquid concentration at a 
point corresponding to only a fraction of a monomolecular layer in the case 
of silica wetted with water indicates that all the surface is not equally effective 
in bringing about these energy changes, and provides evidence from this new 
angle of the existence of active sites. The apparent difference in the number 
of active sites on the surface of the same solid, as demonstrated by the results 
of water and alcohol on silica, suggests that the number of active sites depends 
on the molecule adsorbed. It was observed during these studies that prolonged 
heating of a solid permanently reduced the brightness of luminescence obtainable 
by wetting. This result is in keeping with the well-known fact that prolonged 
heating often partially destroys the adsorptive and catalytic power of solids, 
presumably by a reduction of the surface area and number of active sites. In 
this connection it is perhaps worthy of note that of two Kieselguhrs, the more 
catalytically active was strikingly more luminescent when wetted. 

Further evidence that: all the active sites on a given solid are not alike is 
afforded by some observations on the luminescent spectra of wetted silica at three 
different water concentrations. When the water concentration is reduced to 
a value corresponding to the occupation of only 1/25 of the solid surface the peak 
of the main emission band is at 4000. At a concentration corresponding on 
the above views to the occupation of all the active sites (one quarter of the surface 
covered) the peak is at 4339 a., while at a concentration equivalent to five adsorbed 
layers of water molecules there is only a very slight further shift of the peak 
(to 4369.a.). Photometer records of the three spectrograms are shown in 
Figure 7. If the first occupied sites are the most active, as would be expected, 
the molecules attached to these would be expected to suffer the greatest energy 
changes from the normal state. This means that the normal absorption which 
has been modified by adsorption to give an abnormal absorption at the excitation 
peak of 3130 a. must be on the red side. The nearest absorption band of water 
on the red side appears to be at 5722 a. (weak) and the so-called rain bands at 
5924 a. and 5952 a. Assuming that the end state in both cases is the same 
(e.g. one of pre-dissociation) the shift of absorption would involve an energy 
change in the water molecule of approximately 42 kgm. calories per mole. ‘The 
heat of wetting of water on silica is about 15 kg. calories per mole. ‘This, 
however, is the integrated value, that is, the mean value including molecules 
added long after all the active sites have been occupied. The heat evolved for 
the first molecules added at the most active sites is almost certainly much greater, 
so that although the value of the energy change corresponding to the shift of 
absorption from the 5924 a./5952 a. region to 3130. is nearly three times 
the integrated heat of wetting, it is not inconceivable that it does represent the 
heat of adsorption of the molecules adsorbed on the most active sites. 

A much simpler interpretation is suggested by the fact that the free -OH 
radical has a strong absorption band stretching from 26004. to 3470. with a 
peak at 3064 a. The similarity between this peak and the activation peak of 
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the luminescence of wetted silica suggests that the water molecules first adsorbed 
may be attached by a hydrogen bridge leaving an almost free —OH radical. 
The similarity of the spectra of hydroxy molecules having different positive 
radicals adsorbed on the same solid indicates that this is the more likely explanation. 
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Figure 7. Photometer records of fluorescence spectrograms of silica wetted with water at various 
surface concentrations (specimen at 90° K.). 


Curve A. Surface covered by five layers of water molecules. 
Curve B. 4 of the surface covered by water molecules. 
Curve C. 1/25 of the surface covered by water molecules. 


We can offer no explanation of the phosphorescence, visible in. some cases 
for seconds and even minutes after excitation has ceased. ‘The fact, at least 
in the case of water on silica, that the phosphorescence is approaching its maximum 
value at a coverage of the surface corresponding to far less than a monomolecular 
layer indicates the existence of metastable levels of astonishingly long life in 
single molecules or ions. 
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ABSTRACT. By the use of a Fabry Perot etalon with very small spacing, the widths of the 
interference fringes were measured under conditions where the light could be considered as 
practically monochromatic. In this way, the resolving power which can be achieved with 
silver deposits of known optical density was determined for light of five different wavelengths 
between 6438 and 36104. The results can be used for selecting the most favourable 
thickness of silvering of etalon plates, namely that which gives the resolving power required 
for a given purpose without unnecessary loss of intensity. The application of the results to 
multiple etalons is discussed. 


Sil NL RODUCT TON 


HE performance of the Fabry Perot interferometer depends largely on the 

| optical properties of the partially reflecting metal coatings. For an 

instrument with perfectly plane, parallel and uniform surfaces, the intensity 
distribution is described by Airy’s formula 


oe 
Te) = ae ——— nee es 1 
(«) 1+ F sin? ze >) 
where « is the fraction of a wavelength by which the path difference between two 
successive rays is in excess of a whole number. 
The intensity distribution within the fringes is determined by F, which 
depends only on the reflectivity R according to the relation 
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where R is defined as the intensity of the reflected light relative to that of the 
incident light. ‘Thus the resolving power of an ideal etalon of given spacing 
depends only on R. 

The absolute intensity, however, is determined by the factor J,,,, 1m equation 
(1), which is given by the relationship 


Inox = Tih — ky? alleliosiisie (3) 


and thus depends also on the transmissivity 7 of the surtace, defined by the ratio 
of the intensities of transmitted and incident light. It will be assumed throughout 
that the optical properties of the two reflecting surfaces of the etalon are equal. 
In the ideal case of a surface without absorption, for which the relation 
R+T=1 holds, J,,.. is equal to 1. The intensity at the maxima is then equal to 
the intensity of illumination which would be observed if the etalon were removed 
altogether. The degree to which, in actual fact, the sum R-+ T° approaches 
unity can serve as a measure of the optical quality of the coating. For highly 
reflecting surfaces, variation of thickness affects the values of R and T in opposite 
senses; in fact the sum R+T is found to be approximately constant for films as 
they are used in practice. If the thickness is made large enough, 1 — R approaches 
a limiting value while 7 continues to decrease. ‘Thus, according to (2) and (3), 
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increase of the thickness of the metal film may only cause a small increase in F, 
and therefore in resolving power, but result in a serious loss in intensity. A 
correct balance of the two factors is important in most interferometric work, 
especially when two or more etalons are used in series. Even for silver, which is 
almost exclusively used in the visible range of the spectrum, very little is known » 
about the reflectivities of partially transparent films. 

The measurements described below were made in order to establish the 
relationship between R and T for silver films produced by evaporation, for a range 
of wavelengths from 6500 to 3400.4. Since it is easy to control the thickness of the 
film by measurement of 7 during the evaporation, the data thus provided can be 
used for producing silver films of the required value of R, after a suitable value of 
the latter has been chosen as a compromise between resolving power and intensity. 

The method of determining R consisted in measurement of the widths of 
Fabry Perot fringes produced under such conditions that the radiation could be 
considered to be practically monochromatic. 


S20 PRODUCTION OR DES TENE RE EE IVES 


The silver films were produced by evaporation im vacuo. ‘This method is 
comparatively simple and reliable and has generally superseded the method of 
cathodic sputtering, though under carefully chosen conditions this latter also seems 
to be able to give silver films of high performance. If the target surface is well 
cleaned and a high vacuum maintained during the evaporation, reproducible and 
very high values of the reflectivity R can be achieved for any given transmission T, 
i.e. for any given thickness. 

The evaporation chamber used in this work was a cylindrical brass tank of 
length 60 cm. and diameter 20 cm., evacuated by a large aperture mercury diffusion 
pump fitted with a liquid air trap to freeze out mercury. ‘The vacuum was mea- 
sured with a Pirani gauge. Three tungsten filaments, each of which carried two 
beads of pure silver, could be heated independently. This made it possible to 
stop the heating of each bead before it had completely evaporated. A few turns 
of fine platinum wire wrapped round the tungsten were used as a well-known 
method of making the silver adhere to the filaments. A shutter which could be 
placed between filament and target protected the latter from impurities evaporating 
from the filament in the early stages of heating. Another shutter, made of mica, 
prevented the front window from being covered with silver. Both shutters were 
operated by ground joints passing through the front lid. The vacuum seal 
between the latter and the chamber was made by means of a sulphur free rubber 
washer greased with apiezon tap grease. 

Windows in the front and back plates allowed light from a lamp behind the 
tank to pass through the etalon plate zm situ and to fall on a photocell. Colour 
filters were used to define the wavelength of the light. In this way the thickness 
of the silver film could be controlled during the evaporation by means of the 
measurement of the optical density. 

The etalon plates were cleaned with strong nitric acid, rinsed with tap water 
and dried with pure cotton wool. The final cleaning was done in the tank by 
ionic bombardment; when a sufficiently good vacuum had been reached, a small 
amount of air was admitted and a glow discharge was passed through the tank for a 
few minutes. When a good vacuum had been established again the evaporation 
was carried out. 
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§3. THE MEASUREMENT OF THE TRANSMISSION 


After the etalon plate had been taken out of the evaporation chamber, the 
transmission was measured more accurately for four narrow ranges of wavelengths 
in the visible spectrum. The etalon plate, placed face downward over a barrier 
layer ‘‘Eel” photocell, was illuminated by the light from a tungsten filament lamp 
fitted with suitable filters. The photo-current was measured with a low resistance 
galvanometer. This arrangement showed linear characteristics, and thus the 
transmission was given by the ratio of the current with the etalon plate in position 
to that with the plate removed. The filters used consisted of a copper sulphate 
filter to cut out all light of wavelength greater than 7000. and transmitting only 
10% at 6500a., and Wratten filters, according to ‘Table 1. 


Table 1 
Colour orange yellow green blue 
Catalogue number DY 22+58 62 47 
Mean wavelength (A.) 6000 5700 5300 4400 


The transmission at 3600 a. was measured by means of the light from a com- 
mercial mercury arc lamp, the bulb of which incorporated a Wratten filter 18a. 

For two silverings, measurements of 7 were also made at 3380. by photo- 
graphic photometry. A quartz spectrograph was used and the transmission was 
measured for the silver line 3380a.; for the intensity marks the continuous 
radiation from a hydrogen discharge was photographed with varying slit widths. 

The accuracy of the transmission measurements for visible light was to within 
about +0-005 in the value of 7, which was sufficient for the present purpose. 
The measurement of JT was always repeated at least once, after several days or 
weeks, and never showed any change. 


§4. INTERFEROMETER AND LIGHT SOURCES 


The width of interference fringes generally depends on the actual line width 
of the incident radiation, caused by Doppler effect, hyperfine structure and other 
causes of broadening, and on the “‘instrumental”’ width, i.e. the width which 
would be observed with strictly monochromatic light. If an etalon with very 
small spacing is used, and sufficiently narrow spectral lines are chosen, the width 
of the fringes is almost entirely due to the instrumental width. This condition 
was aimed at in the experiments described here. 

An etalon with a separation of 1 mm. was used, so that one order corresponded 
to a wave-number difference of 5cm~!. Three U-shaped loops of tungsten wire 
were used as spacers. They were arranged so that the ends which were distorted 
when the wire was cut projected clear of the surface of the etalon plates. The pair 
of plates which was used throughout was made by Messrs. Adam Hilger Ltd. and 
consisted of quartz, cut at right angles to the optic axis. ‘Their diameter was 
2:5cm., the thickness 0-7 cm., and the two faces formed an angle of 2’. 

The spacers, owing to their small area of contact, responded readily to vari- 
ations of the pressure of the adjustment springs. ‘This had the advantage that the 
diameter of the central fringe could be made small enough to allow a very accurate 
adjustment of the parallelism of the plates. The radius of the central fringe was 
thus adjusted so that it corresponded to a difference of about 1/20 wavelength 
from that at the centre of the fringe system. Variations in this radius could be 
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kept down to less than one quarter of its value over the whole area of the etalon 
illuminated through the stops used (5 to 10mm. in diameter). The accuracy 
of the adjustment was thus less than 1/40 of a wavelength. ‘This limit was set more 
by the irregularities in the surfaces of the plates than by the method of adjustment. 

With the small distances used, the thermal expansion of the spacers did not 
present any difficulty. Moreover, the optical system was situated in a room the 
temperature of which was thermostatically controlled to 1/10° c., while the light 
sources were in another room, the light being admitted through a small hole in the 
dividing wall. 

The optical system consisted of a Hilger E2 quartz spectrograph (f=60 cm.) 
and an external etalon mounting. An image of the light source was formed in the 
plane of the etalon, and a quartz fluorite achromat of focal length 33 cm. formed 
the interference fringes on the slit of the spectrograph. 

The spectrograph, which was slightly astigmatic, was focused for the whole 
spectral range for horizontal focal lines. The correct setting of the achromat was 
found by tilting the etalon and finding the best focus for the narrow outer fringes. 
In the visible spectrum, an alternative method was employed as a check. A 
telescope fitted with crosswires was focused for “‘ infinity”; the eye piece was then 
removed and the telescope placed in the position normally occupied by the etalon, 
with the objective facing towards the quartz-fluorite achromat, so that an image 
of the crosswire, illuminated by the light source, was formed on the plate. The 
setting of the achromat giving the best horizontal focus was then chosen. The 
method 1s very accurate for etalons of not too large aperture. 

Two light sources were used, a commercial cadmium discharge lamp and a 
water cooled hollow cathode tube, lined with silver foil and operated at a current of 
about 100 ma. The discharge was carried by helium circulating through charcoal 
cooled in liquid air. 

Table 2 contains a list of the lines used. The second column gives the ratio 
of wavelength to the half-value width due to Doppler effect, at an estimated 
temperature of 250° c. in the cadmium lamp and 50° c. in the hollow cathode tube. 
The last column shows the fraction of an order of an etalon of separation 1mm. 
which corresponds to a difference of wavelength equal to this half-value width. 


Table 2 
Line r/dx dn Line r/da dn 
Cd 6438 Craloe 0-005 Cd 3610 610° 0-009 
Ag 5465 8 x 10° 0-004 Cd 3438 6102 0-009 
Cd 4662 610° 0-007 Ag 3380 8 x 108 0-008 


He 3888 1-6:< 10° 0:03 


With the exception of He 3888, the Doppler width of all the lines is less than 
1/100 order. Broadening of the fringes due to this spectral width would therefore 
be relatively unimportant; only the measurements at 3888 a. may have been liable 
to a small systematic error. 

The only lines having hyperfine structure are the last three in the table. The 
ultraviolet Cd lines possess two components on either side of the main lines, but 
they are too weak to have much effect. The hyperfine structure of the line 3380 


of silver is about ten times smaller than the width of the fringes observed at this 
wavelength. 
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§5. PHOTOMETRIC MEASUREMENT OF THE FRINGES 


The tilt of the etalon was so adjusted that the centre of the fringe system was 
inside the slit image, and that one fringe was visible on both sides of the centre. 
‘The half value width was determined from the first fringe and in many cases 
checked by the use of the second. The scale, near the first fringe, was generally 
about 7mm. per order, a half value width of 1/20 order corresponding to about 
03mm. The grain of the plates (Ilford Astra III and Zenith) and development 
effects were therefore of no significance. 

For the photometric measurements of the plates, the recording microphoto- 
meter at the Oxford University Observatory was kindly made available by Pro- 
- fessor Plaskett. The resolving power of this instrument is largely determined 
by the size of the thermocouple, the image of which on the plate is 1/50mm. A 
ratio of 7: 1 of record scale to plate scale was used. Any inaccuracies arising from 
photographic or photometric effects were therefore well under 1/100 of an order. 

Intensity marks were made on the same plate, but with a different spectrograph, 
of focal length 150cm. ‘The slit was illuminated uniformly with light from a 
tungsten filament or a hydrogen discharge tube, and exposures of equal duration 
were made with different widths of the slit. 

The somewhat laborious nature of the direct photometric measurement of the 
widths of the fringes made it difficult to deal with a larger number of plates. A 
relative method was therefore also employed and proved to be reliable and more 
‘convenient. 

If a Wollaston prism is-interposed between the quartz fluorite achromat and 
the slit, with its refracting edges horizontal, the fringe system is doubled. Photo- 
graphs were made with a number of different separations of these doubled fringes, 
by altering the distance of the Wollaston prism from the slit. (When the Wollaston 
prism was used, the distance of the achromat was, of course, changed to compensate 
the change in optical distance.) Visual inspection showed which of these doubled 
fringes had a separation equal to the half value width, or to some known fraction 
of it. Measurement of the outer, narrow fringes enabled the splitting caused by 
the WolJaston prism to be measured accurately. 

This visual method was ‘“‘calibrated’’ by making a sample plate showing the 
appearance of double fringes of various degrees of separation. The half value 
width of the fringes photographed without Wollaston prism was first measured by 
direct photometry; the Wollaston prism was then inserted and, by variation of its 
position, a series of double fringes of various known splittings was photographed. 
‘The intensity at the minimum, relative to that at the maxima, was calculated by a 
graphical method and also, as a check, measured photometrically (Table 3). 


Table 3 
‘Separation as fraction of half value width 0-63 0-75 0-90 iol 1°25 
: a: S calculated Ie 0-94 0-85 0875 0:67 
act ininun ‘| measured _- 0-93 0-88 0-76 0:65 


A separation of 0-75 of the half value width is still observable as resolved, and 
the greater resolutions are easily recognizable. 

By visual comparison with this sample plate, the separation as a fraction of the 
half value width could be judged with sufficient accuracy from the use of Table 3, 
and the half value width could thus be calculated. ‘The various fringes in each 
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exposure and the various exposures taken with different splittings allowed a 
number of comparisons covering different stages of resolution of these ‘‘ doublets” 
with splittings ranging from 0:7 to 1:0 of the half value width. From each 
“doublet ’’ the half value width was estimated and the average taken. 

A difficulty of this double image method arose from the fact that the two fringes. 
of a “doublet” were generally not of equal intensity, owing to polarization effects. 
in the spectrograph. This was overcome by introducing a tilted glass plate 
causing partial polarization of the incident light. Small inequalities in the 
intensities were found not to impair the accuracy of the method. 


§6. RESULTS OF THE MEASUREMENTS OF TRANSMISSION 


Table 4 gives the values of the transmission T=J//, and the optical density 
D = -—log T for the five silver coatings used. Each point is the average of two 
measurements. If an exponential law of absorption holds, the ratio of the optical 
densities of any two films should be independent of the wavelength. This is, on 
the whole, confirmed by the approximate agreement of all the values in any one of 
the last three lines of Table 4, where the suffix refers to the number of the silver 
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Figure 1. Figure 2. 


coating. ‘There seems, however, to be a slight rise of the ratio with increasing 
frequency. Interference effects inside the silver film might be responsible for 


these small deviations from Beer’s law. The values of T for the first four films are 
plotted in Figure 1. 


§7. WIDTH OF FRINGES AND REFLECTIVITY 


‘Table 5 contains the half value widths 8, expressed as fractions of an order, of 
the fringes produced by etalons with the five different silverings. The results 
obtained from each photograph are given separately. The figures in brackets 
after the half value widths found by the method of the double image, indicate the 
degree of resolution in the photograph from which this half value width has been 
deduced; e.g. ‘0-43 (0-8) ” signifies that the degree of resolution was 0-8 of that 
corresponding to the separation equal to the half value width, and that the value of 
(separation/0-8) is equal to 0-43. 
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| 
Table 4 
| 
Wavelength (a.) 6000 5700 5300 4400 4100 3600 3380 
| = Rad eed CASA 
| . Film No. 
i= 7 fe ORY 0-19 O22 0:32 Oey 
j Dae Ol 0-72 0-66 0-50 0:28 
| 3 T 0:086 0-100 0-120 0-182 0:37 
D 1:065 1-00 0-92 0-74 0-43 
4 3 4 T 0-040 0-045 0-053 0-097 0:24 (0-27) 
D 1-40 1-35 1-28 1-01 0-62 (0:57) 
j 
5 T 0-008 0-010 0-011 0-027 0-030 0-114 (0-24), 
| 1D Del) 2-00 1-96 1-57 ibs) 0-96 (0-62). 
- 6 T 0-005 0-04 
: D 2:3 1-4 
JD, 2 1D 1:39 1-39 1:39 1-48 1-54 
1D Fes OP Sil 1:35 1-39 1bo337/ 1:44 
DD), 1-50 1-48 de53 155 155 (lei) 
| ‘ Table 5. Half Value Widths 8 of Fringes as Fractions of Order 
Film No. Method * 6438 5465 4662 3888 3610 3438 3380 A.. 
| DI 0-068 (1-0) 0-135 4-0) 0-25 (1:0) 
| a “0-064 (0-7) 0-25 (0:7) 
Be’ 0-065 0-10 0-14 
ES G-058 0-14 
§ D.I. 0-039 (0-9) 0-067 (1-0) 
Ph. 0-036 0-070 0-085 0-20 
D1 0-028 (0-9) 0-043 (0-8) 0-055 (0-9) 0:18 (0:9) 
4 een) 0) 25147) 0-061 (0-7) 
Ai EE 0-036 0-063 0-13 0-30 
0-061 
0-021 (1:0) 0-027(1:0) 0-10(1:0) 0-10 (0-9) 0-20 (1-0) 
0-021 (0-8) 0-027 (0-8) 0:10(0-8) 0-10 (0-7) 0-20 (0:85) 
0-021 (1-0) 0-029 (1-0) 0-10(0-7) 0-10 (1-0) 0-20 (0-7) 
5 Dil: 0-029 (0:8) 0:10(1:0) 0-12 (0-7) 
0-029(0:7) 0:10(0-9) 0-12 (0-9) 
0:032(0°8) 0-10 (0-9) 
0-032 (1:0) 
0-030 (1:2) 0-10 (1:0) 
0:11 (1-1) 
6 DAY 0-10 (1:0) 
0:10 (0:7) 
0-10 (0-9) 


* D.I.=double image method; Ph.=direct photometric method. 
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The good agreement between the values obtained by the method of the double 
image with different degrees of resolution, and the agreement of these values with 
those found by direct photometric measurement shows that the method of 
measurement is sufficiently accurate. 

The first two lines in each section of Table 6 give the transmissivities T read 
from the curves of Figure 1, and the mean values of the half value widths 6, as 
fractions of an order, derived from Table 5. 


Table 6 
6438 5465 4662 3888 3610 a. 


ap 0-16 Oil 0:28 0-43 
- ) 0-064 0-10 0-14 0-25 
R 0-82 0-73 0-66 0-46 
TR IRs 0:98 0-94 0-94 0:89 
ip 0:07 O-11 0-16 0:28 
3 ) 0:037 0-068 0-085 0-20 
R 0-89 0-81 0:77 0:50 
me se 0:96 0:92; 0:93 0-78 
dp 0-04 0-05 0-08 Oakey 0-24 
A 8 0-026 0-039 0-060 0-13 0-18 
R O28 0:89 0-83 0:67 0:58 
Ih aks 0:96 0:94 0-91 0-84 0-82 
ap 0-007 0-02 0-06 O-11 
5 ) 0-021 0:029 0-10 O-11 
R 0:94". 0-91 0:74 0-72 
Dail 0-95 0-030 0-80 0°83 
ie 0:00 0-04 
6 5 0-030 0-10 
, 0-91 0-74 
Ta a 0-91 0:78 


The formulae (1) and (2) lead to a relation between half value width 6 and 
‘reflectivity R: 
sin 76/2 =(1 — R)/(2+/R). 


This relation has been used for calculating the second line of 'Table 7, and also 
for calculating the values of R in the third rows of Table 6 from the measured values 
of 6 givenin the second rows. Figure 2 shows a plot of these values of R against T. 
To avoid confusion of the graph, the data for 5465 and 3610. have been omitted. 


§8. RESOLVING POWER AND INTENSITY 


If two monochromatic radiations of equal intensity differ in wavelength by an 
amount dA such that the etalon fringes are separated by their half value width, the 
resulting intensity curve can be derived from Airy’s formula. The ratio of the 
intensity of the maxima to that of the minimum between them is found as 


1 
1 
* TEAR Gin? yd” 
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where 6 is the fraction of an order corresponding to the half value width and is 
the function of R quoted in §7. For small values of 5 this quantity is 
independent of the value of R and is equal to 1:20. The dip in the intensity curve 
is thus very similar to that produced in a prism or grating spectrograph by two 
lines fulfilling Rayleigh’s criterion of resolution, as appears also from the values 
of Table 3. It is therefore convenient to define the limits of resolution by the 
condition nA =(n—6)(A+dA) which gives the resolving power A/dA=n/6 = 2t/Ad, 
where 7 is the order of interference and ¢ the separation between the plates. The 
value 1/5 can be considered as ‘‘ effective number of interfering beams”’, Ng, 
from which the resolving power is obtained by multiplication with the order of 


interference. In Figure 3, this value is plotted as a function of T from the values 
of 'Table 5. . 


50 
40 
50 resolving power 
Intensity — 
a bese 
20 
: eahar sine 


a 
a 
a 


T 


Figure 3. I-Roo 


Figure 4. 


The “contrast ” of the fringes for monochromatic light, i.e. the ratio of the 
intensity of the maxima to that of the minima (the background at a point midway 
between two maxima) can be derived from R: 


Dee dade ore (1 a R)P/d ae Bye 


This “contrast” factor is also included in Table 7. It is an important factor 

whenever weak components are to be observed in the presence of strong lines. 
The intensity of the maxima, relative to the intensity of illumination in the 

absence of an etalon depends on both R and 7, according to equation (3). 


“Table 7 
R 0:98 0:975 0:97 0:96 0:95 0:94 0:93 0:92 0:91 0-90 
1/8 155 134 104 77 62 52) 44 38 33 29 
JE spcalfl beatin 9800 6200 4300 2400 1500 1000 £750 550 450 360 
R 0-88 0°86 0°84 0:82 0:80 0°78 0:75 0:70 0:65 0:60 0:50: 
1/8 24 20 18 16 14 2 ila 9 7 6 Snr 


ee tOlmde Od 130499100.) 2080.1065. 5052 933. 224" Méot 29 


SOR WES OUP AN SIS, IDVAIE AN 


On the basis of the data contained in Figures 1 and 3, Tables 4 and 6 and 
equation (3) it is possible (i) to decide upon a value of T for the silver film which, 
for the given purpose, provides the best compromise between the requirements of | 
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resolving power and intensity, and (ii) to achieve the required value of T by con- 
trolling, during the evaporation, the optical density measured at any conveniently 
chosen wavelength. 

For example, if a minimum Nf (resolving power/order) be required at a 
given wavelength, Figure 3 gives values of T for neighbouring wavelengths, and ~ 
the T for the required wavelength is found by interpolation from Figure 1. The 
maximum intensity available is then calculated from equation (3). 

The data may be presented in a way in which the parameter wavelength is 
artificially suppressed, thus reducing the complexity of the numerous curves for 
different wavelengths. In Figure 2, the sum of R and T is plotted against T for 
different wavelengths. It appears that for practical purposes R+T can be 
assumed to be independent of the thickness of the layer. Actually, the curve for 
red light shows a drop with decreasing 7, but the accuracy of the values R+ T is 
probably not better than within 1 or 2%, and it is probable that all or part of the 
drop is caused by the imperfections of the etalon plates and by the finite spectral 
width of the lines. These factors might well make it impossible to reach the very 
high values of resolving power theoretically possible for very low values of T. 

Table 8 gives the values of R + 7 interpolated from the results of the measure- 
ments. 


Table 8 
A(A.) 6500 6000 5500 5000 4500 4000 3800 3600 3400 
Ieyssssaese IP Oc 7 10:9655 0:95) 0294 O59 2S e023 60:5 2 am 47 Summ Oleg) 


If R + T is taken to be constant for any given wavelength, the relation between . 
resolving power and intensity can be graphically represented in the following way 
(Figure 4): The ordinate of one curve is the intensity of the maxima relative to the 
intensity in the absence of an etalon, that of the other curve is the resolving power 
expressed as a fraction of that for a very dense layer with reflectivity R,,=R+T 
(change of wavelength is allowed for by change of the value of R,,). The abscissae 
of both curves are the values of T/(1—R,,).* 

The curves show, for example, that for 7=1—R,, the resolving power is 50% 
of the maximum possible with a very dense silvering, and the intensity of the 
fringes is 25°, of that in the absence of an etalon. 


S10 PARP ULCAT LON OD HE MRE Siu ash ONL Wi aD Pe ks EaeAUOINs 


In work with the multiple etalon, a quantitative control of the thickness of the 
reflecting films is almost indispensable. In this instrument, which was first 
described by Houston (1927), two etalons are used in series, with spacings ¢ and ¢’ 
in an integral ratio. A method of adjustment by means of change of air pressure 
has been introduced by two of the present authors (Jackson and Kuhn 1938, 1939). 
The function ot the shorter etalon, of spacing t’, consists mainly in suppressing 
certain orde:'s of the large etalon and thus extending the spectral range of the latter. 
The reflectivity of the shorter etalon must therefore be made large enough to 
cause the subsidiary maxima (the suppressed orders) to be faint compared with 
the weakest line of the pattern under investigation. ‘The ratio of the intensity 
of the principal maxima to that of the first, i.e. strongest, subsidiary maxima is 


* 'The broken curve is the function x?/(~+1)? of the abscissa x. 


| 
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given by the relation //I’ = 1 +4R(sin? xt’ /t)/(1—R)?. Some typical values of this 
ratio have been calculated from the data of the preceding paragraphs for a silvering 
of the shorter etalon with T=0-04 at 6000 a. (Table 9). 


Table 9 
A(A.) 6500 6000 5500 5000 4500 4000 3800 
a ae ee a ree ee i ee 
2 1000 750 400 200 140 40 20 
4 500 380 200 100 70 20 11 
10 100 70 40 20 15 5 4 


20 25 18 11 6 4 2 eS 


The compound etalon with both components silvered to this density is very 
effective; the intensity of the principal maxima is, according to the wavelength, 
between 0-21 and 0-36 of that in the case of the simple etalon, and between 0-04 
and 0-11 of that if the lines were photographed without any etalon. A ratio of 
the spacings of 10: 1 can be used in the red and orange, for most purposes, and 4:1 
is satisfactory over most of the visible part of the spectrum. 

The small gain in resolving power due to the shorter etalon is of little practical 
importance, except for very small values of the ratio t/t’. 

If two etalons of equal spacings are used in series, the resolving power of the 
combination is appreciably larger (by about 60° for equal densities of the silver- 
ings) than that ofasingleetalon. Fulluse of this fact can only be made if the phases 
of the two etalons are adjusted very accurately indeed. A more important 
application of this form of multiple etalon is its use for the detection of very faint 
components. ‘The ratio of the intensity of the maxima to that at the point midway 
between them is clearly the product of the corresponding ratios for the individual 
etalons. Ifthe values in the third line of Table 7 are squared, they give the values 
Tnax/t mim for the combination of two etalons of equal spacings and equal reflectivi- 
ties of the silver films. 


§11. DISCUSSION AND COMPARISON WITH DIRECT 
MEASUREMENTS OF REFLECTIVITIES 


The intensity relations discussed in the last paragraph are only valid for 
strictly monochromatic light. If the “ spectral” width of the line, which may 
for instance, be caused by Doppler broadening, is comparable with the instrumental 
width or even larger, the ratio [,,,x/Imin 18 reduced correspondingly. 

When the values of R derived from widths of etalon fringes are compared with 
direct measurements of reflectivities, it must be remembered that Airy’s formula 
cannot be expected to hold rigorously, owing to imperfections of the plates and 
the silver films, and that the value of R thus derived may differ slightly from the 
actual reflectivity. This objection does not, of course, affect the relation between 
transmission and resolving power, both of which have been measured directly. 
It would, however, affect the intensity relations which then would only have 
approximate validity. The influence of imperfections on the intensity distri- 
bution has been discussed by Dufour and Picca (1945) but the experimental data 
for the contrast factor Iyax/Zmin ave too scarce to allow any definite conclusions. 

It is fairly obvious that imperfections of the plates or silver films must increase 
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the half value width for a given reflectivity. The values of R derived from widths 
of etalon fringes are therefore likely to be slightly lower than the reflectivities which 
accurate direct measurements of the same films would have given. 

The only direct measurements of reflectivities of vacuum deposited trans-_ 
parent silver films described in the literature appear to be those by Strong and 
Dibble (1940). But they are relative values only, measured with reference to a 
thick silver film. For green light, Tolansky (1946) reports some values of R and T 
which are fairly close to our results, but no experimental details are given. 

The reflectivity of thick silver films (7’'=0), deposited zm vacuo, has been 
measured by Baxter (1937), who finds a value of 0-94 at 6000 a., and by Strong 
(1940) who finds 0-95 at the same wavelength. Edwards and Petersen (1936) 
measure reflectivities of thick films deposited under apparently specially good 
conditions. Their value of R,, for yellow light is 0-985. In view of the mentioned 
influence of imperfections of the surfaces, this latter value is not incompatible 
with our results, whereas the values of Baxter and Strong seem to be rather low. 

For films produced by cathodic sputtering, some extremely high values of 
R+T have been reported by Romanowa, Robzow and Pokrowsky (1934), but it 
is not clear from the description of their method if infra-red light has been ex- 
cluded. Measurements by Goos (1936), of reflectivities of sputtered films give 
considerably lower values, the sum R+T being about 0-95 for 5780 a. and 0-92. 
for 4350 a. 
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Intensity Distribution for Bands of the y-System of MgH* 
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ABSTRACT. ‘The intensity distribution for bands of the y-system of MgH* is deduced. 
theoretically from the wave functions for the various energy states, and is compared with the 
distribution of the observed bands. 

Lines of the (2, 3) band, not previously noted, have been observed. 


Sra NERO Dit CAn@sN 


EARSE (1929) has published particulars of a number of bands in the ultra- 
P violet spectrum produced by a magnesium arc in hydrogen. These bands 
he attributes to a+2—12 transition for MgH*. Guntsch (1934, 1939) later 
made further measurements on this sytem of bands, using as source a hydrogen 
discharge tube with magnesium electrodes, and also a magnesium-carbon arc, 
and carrying his investigations to longer wavelengths. His analysis agrees closely 
with that of Pearse, and he has observed a number of additional bands. 
When the bands so measured are set out in the usual vibration table they are 
found to lie close to one main parabola, with a suggestion of the existence of an 
inner parabola (Table 1). The positions of these parabolas are indicated by 


heavy type. 
Table 1. Observed Bands 


ogre BO 1 yy 3 4 5 6 7 8 
wy F AB AB AB AB B 

il AB AB AB B B 
2 AB C B B B 
3 AB B B B B 
4 B B 
5 B 
6 B 


A: bands recorded by Pearse; B: bands recorded by Guntsch; C: band now 

observed (see § 8). 
Se2e SPECTROSCOPIC DATA AND FORMULAE USED 
The vibrational energy terms are expressed in the form 
G(v) =w,(v + 4) —x,w,(v +4)?.... 
Pearse’s analysis gives, for the two electronic states, initial state w,=1138-4, 
xiw/=9-5; final state = 11022, oO, = S42 
PROC. PHYS. SOC. LXII, 4—A fs 
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The rotational terms are expressed in the form 
F(J)={B,—«(v +4)... JU+4+1)+ DIU +1).... 

For these constants, Pearse gives: initial state, Bf =4-302, «’ =0-0492; final state, 
BY =6-378, «” =0:1854. The D’s are too small to be relevant here. The corre- 
sponding values of the constants as calculated by Guntsch in 1934 from his 
measurements agree closely with these, except in the case of x{w(, for which he 
gives 30-2, and suggests an appreciable term in (v” + 3)*. Pearse’s values have been 
used in the following calculations.* 


§3. POTENTIAL ENERGY FUNCTIONS AND DERIVED CONSTANTS 


The polynomial expansion in powers of (7 —7,)/7,, with coefficients calculated 
from Dunham’s results (1932), was found unsatisfactory for both electronic states, 
as the coefficients are too large to allow the polynomials to converge suitably. 
Morse’s form of the potential function (1929) has therefore been used, 
U=D(1 —e-2*)?, where x stands for (r—r,). The constants in this equation are 
derived from the spectroscopic constants : 


D=2/4x,0,3 a@=/(89'cux,w,/h); Bj=h/8r?cur2, giving 7; 
[= (24:32 /20292) x00 « 10-8 1-595 102s ein 
whence Reo Lo - emi, y" = 652.103? em.s..,D' =34, 10 case 
D?=20180 cm 15 a= 00-7384 X10 cm a = b- 40 ee 


The curves plotted from these data are shown in the Figure, together with the 
parabolic curves (dotted) obtained by using only the first term, Da?x?, of the 
expansion in each case. 

Rees (1947) suggests a method of plotting the potential curve directly in terms 
of the measured constants. This method was applied here, and was found to give 
curves for both states agreeing very closely with those derived from the Morse 
function. 

[It should be noted that the values D’, D’” quoted above give values for the 
dissociation energies of 4-13 ev. and 2-5ev., and these are probably high, being 
derived by extrapolation from the data for afew bands. In particular, the difference 
D/,—D{ is much greater than that obtained by considering the ?P — 2S transition 
for ionized magnesium. But the potential curves are used only over the range 
covered by the measured bands, and they are presumably reasonably correct 
within this range. ] 


§4. WAVE FUNCTIONS FOR VIBRATOR 


To avoid the heavy working involved in the calculation of the wave functions 
from Morse’s formula, the curves have been derived by approximation from those 
for a harmonic oscillator, given by 


py =a (2°! ym) exp { — 3(x/d)?} 1 ,(x/d), 
where d*=h/47?cuw,. Gaydon and Pearse (1939) give a table of these functions, 
omitting the initial d~, for half-integral values of x/d. For the higher energy levels 
it has been found necessary to calculate some intermediate values, and the complete 
scheme used is shown in Table 2. 


* Guntsch, in his dissertation in 1939, to which the author had access only after making these 
calculations, introduces a term :n (v-+4)? in the excited state also, and this necessitates a change in 
xkw,, to 6-8. Over the small range of energy levels involved, however, the difference produced by 
this change of constants is small, and the effect on the calculated intensities negligible. 
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Potential energy functions and wave functions for vibrations in two electronic states. 


‘Table2. Wave Functions Corresponding to Parabolic Potential Energy Function 


wid 


PRWwWHWWNHNONNNRR BE 
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0 


Io DIR IRIE loo tol 


loo bol lel Bod to BIEL Bfos nol 


FR |09 bole |S 


nt 


0 
0-751 
0-663 
0-456 
0-244 
0-101 
0-033 
0-008 
0-002 


0 


‘ 


0 


0-469 


0-644 


0-518 


0:287 


0-117 


0-035 


0-008 


0-001 


0 


2 3 4 5 6 7 8 
esa 0 0-460 0 — (0420 0) 0-393 
—0°302 0:336 0:°323 —0-261 —0:-334 0-128 
—0:234 —0-478 0-034 0-438 0-096 —0-380 —0-184: 
—0-460 —0:287 0-279 0-382 —0-102 —0-395 
0-322 —0-263 —0-465 —0:056 0-391 0-263 —0-234 
0-027 —0-420 —0:360 0-124 0-416 0-144 
0-604 0-317 —0-187 —0:461 —0-229 0-243 0-397 
0-513) 0-125) — 0:3215 0-430 = 0106) —0:310 
O-502 502 30m 02305) — 0-026. 005389 5 — 039350028 
0-553 0-546 0-282 —0-132 —0-420 —0-349 
0:269 0-453 0-567 0-493 0-188 —0-198 —0-428 
0-36 Os 0:4 95m 025025 04458 0150 0h235 
Or) WA Wesinss “AOesilss USS) et = 09 
0401 0:522 0-536 0°366 
0-027 ~=0-071 Onis “Oxde  Oeiisy ORS We 7e: 
0-542 
0-005 0-017 0-043 0-093 0-177 0:292 0-418 
0-001 07003 0-009) 0:0220 0-049 ~~ 0:098 0-174 
0 0 0-001 0-004 0-009 0-022 0:045 
0 0 0-001 0-003 0-008 
0 0 0-001 


17-2 
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The values of d in initial state are d’ = 1-749 x 10-9; d” =1-426 x 10-®. Since 
x=r-—r,, the function %,d! corresponding to a harmonic oscillator at any one 
energy level could be plotted from this table. 

To each value of r on the parabolic potential energy curve there corresponds a 
slightly different value, 7, at the same level on the Morse curve. ‘The necessary 
correction of the wave functions has been made approximately by using 7y, in 
place of x for each point plotted. This method of approximation is rapid, gives a 
smooth curve for the wave function throughout, and seems as well justified as other 
approximations used for the purpose. No attempt has been made to correct the 
slight departure from normalization involved, and the factor d~, being constant, 
has been omitted throughout. The wave functions plotted in this way are shown 
in the Figure. 


§5. CALCULATION OF INTENSITIES OF BANDS 


It has been assumed that the intensity of the (v’,v”) band is proportional to 


exp(—Ey|kos| |" s'wrar |’, 


where vp is the wave number of the band-origin and ¢’, %” the wave functions for 
the initial and final vibrational states. 

The first factor in the expression is intended to allow for the effect on the 
distribution of the initial energy states of the absolute temperature 6. This is a 
doubtful quantity, since under the high voltages used the disturbances in the 
molecular states are not due to thermal movements alone. It will be seen 
(§7) that the visibility of the measured bands indicates a value of @ probably in 
excess of the temperature actually possible in the tube. The integration has been 


carried out numerically, using the graphs of the wave functions, as was done by 
’ Gaydon and Pearse (1939). 


S67 LAB ULATT ON ORSINTE NS les 


Tables 3-6 show the calculated intensities for a series of values of 6. The 
intensity in each case is expressed as a percentage of that of the strongest band, 
and anything below 1% is omitted. Thick type indicates the parabolas 
connecting calculated maxima. 

No attempt could be made to compare the intensities experimentally, but it is 


presumed that those bands which have been observed are probably the most 
intense. 


Table 3. Intensity Distribution for @—> oo 


ALY 1 2 3 4 5 6 7 8 

v’ 0| 3348 8548 10048 6540 338 7 1 
1] 714% 4640 5148 875 695 24 2 1 
2| 6740 12 8 10¢ 4 785 855 462 5 | 
3 | 6342 2 32 1 7 1 428 88° 668 
4| 198 21 14 8 23 1 17 73 
5 | 31° 40 14 1 31 2: 3 11 
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Table 4. Intensity Distribution for = 3,000° x. 


v” 0 1 2 3 4 5 6 o 8 

v 0} 3348 8548 =: 10048 6548 33 17 1 
1| 3548 2748 3048 508 408 14 1 1 
Piece! ead 3 3¢ 1 268 298 158 2 
3} 1248 6 1° 8B 178 138 
4| 2B 2 2 1 3 2 8B 
Ce ak 3 ALA 2 1 


Table 5. Intensity Distribution for @ =2,000° x. 


70 1 —— 2 4 5 6 7 8 
vy’ 0 | 3348 8548 —s- 10048 6545 338 7 4 
1 | 2748 2048 2348 388 308 11 1 
2 | 1348 2 2 Qe 1 158 17e ages 1 
3 |. 548 3 ) 18 4B 85 62 
4] 18 1 1 37 
5 1 


Table 6. Intensity Distribution for @=1,000°x. 


v” 0 1 2 3 4 5 6 7 8 
BE 0').-.3345 S50 100%" 6548 338 7 1 

fale 222 oe 1048 178 132 5 

yp DAB 3B 3B 2B 

3 1B 


A: bands observed by Pearse; B: bands observed by Guntsch; C: band now observed. 


§7. RESULTS 


The calculated intensities at any temperature from 1,000°k. upwards show 
maxima lying on a definite outer parabola, with the (0,2) band strongest in every 
case, and at very high temperatures the inner parabola also appears. ‘The values 
of # required for all the recorded bands to be intense enough to be seen are very 
high; Guntsch’s bands require at least 3,000° k., and Pearse’s 2,000°K. ‘This last 
is certainly higher than any temperature, in the ordinary sense, that could be 
attained in the apparatus used by Pearse, and this suggests that the “‘ temperature” 
in an arc, as indicated by the energy levels of the molecules, may be much higher 
than the temperature of the electrodes. If this is conceded, it is seen that the 
distribution of the recorded bands agrees very closely with that deduced from the 
- wave functions. 

On Pearse’s plates there are many faint lines for which no analysis has yet been 
published. Measurements have been made on a number of these, and some of 
them appear to belong to the (2,3) band of the system (‘Table 7). ‘This band lies 
on the inner parabola, and the fact that it is just visible is in fair agreement with 
its calculated intensity. 
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Table 7. Lines of (2,3) Band 


R |e 
(1) (2) (3) (1) (2) (3) 

8 33106-4 33107:6 33107-1 8 32966°-3 32967:2 32968-1. 

9 33087°3 33088 -4 — 9 32930°4 32931-7 32932-1 
10 33063°2 33064°3 33065-4 10 32892:0 32892-1 32892°8 
11 — 33039:4 33039°5 11 32849-2 32850°8 32851-0 
12 33008°8  33009-7 — 12 32805:7 32805:7 32805-1 
13 32976:9 32977:9 32978-7 13 32757-1 32758-1 327593 
14 32942:4 32943-1 32943°5 14 32707:25 3270720. 32/05 
iB) 32904:2 32905:6 32905-0 
16 32864-2 32865 -4 32865 -2 (1) v calculated from Pearse’s data 5. 
17 32820°4 32821-0 32822°3 (2) v calculated from Guntsch’s data; 
18 32774-4 S27 7DeS —- (3) measured values of p. 


19 32725°9°  32726:4 — 32720°6 


There are a few small discrepancies between the calculated intensities and the 
observed bands : 

(1) The calculated intensity of the (3,4) band (v)=32805-2) is low at all 
temperatures. Yet Guntsch records this band, and even on Pearse’s plates a 
few of the faint lines that have been measured appear to belong to it. Here is 
apparently a disagreement between calculated and observed intensities. 

(2) The (1,6) band (v)=27971-4), which at high temperatures should be 
noticeably intense, has not been observed. This band, however, would lie in the 
same region as the (2,7) and (3,8) bands, both of which do appear, and Guntsch 
states that the lines in this region are crowded, and difficult to identify. 


§8. CONCLUSION 


Allowing for the approximations made in the calculations, and for the fact that 
two independent sets of observations have been used, with a consequent slight 
discrepancy in the derived constants, there is very close agreement between the 
calculated and observed distributions of the bands in this spectrum. 
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Nuclear Disintegrations in Photographic Plates exposed to 
Cosmic Rays under Lead Absorbers 


By E. P. GEORGE anp A. C. JASON 
Birkbeck College, London 


Communicated by G. D. Rochester; MS. received 16th September 1948 


ABSTRACT. Ilford Nuclear Research photographic plates have been exposed at the 
Jungfraujoch, altitude 3,457 metres, under lead screens of various thicknesses up to 28 cm. 
The intensity of the stars, and its variation with the number of tracks forming them, have 
been recorded for each thickness of absorber. The absorption curve of the star intensity 
shows that the range in lead of the radiation causing the stars is 310-20 gm/cm?. The size 
distribution is apparently the same under all absorbers. 

The intensity and size distribution have also been recorded in similar plates exposed at 
sea level. The size distribution is again the same as that found for the high altitude plates, 
but the range in air of the primaries is 150+7 gm/cm?. 

These results are consistent with the generally accepted view that the majority of the 
stars is caused by neutrons. 


§1. INTRODUCTION 


HE intensity of the disintegration stars produced in unscreened photographic 

| plates at various heights in the atmosphere has been measured by Stetter 

and Wambacher (1939), Zdhanov (1939), Lattes, Occhialini and Powell 

(1947), and Perkins (1947c). There is general.agreement between these authors. 

that the number of stars recorded increases rapidly with altitude. The star 
intensity is found to vary exponentially with the height according to the relation 


pea T CxO HR), ee oe ks (1) 


where J is the star intensity, # the depth from the top of the atmosphere expressed. 
in gm/cm2, and R, the range of the primaries causing the stars, is of the order of 
140 gm/cm?. 

Very few observations have been made of the absorption of the star-producing 
radiation in any other material than air. Thus Heitler, Powell and Fertel (1939), 
compared the intensity of single proton tracks in unscreened plates and plates 
screened with 13cm. lead, left at the Jungfraujoch for 230 days. Later, the 
complete transition curve for single proton tracks up to 12 cm. lead was obtained. 
by Heitler, Powell and Heitler (1940) at the same altitude. More recently, 
Perkins (1947 c) has recorded the intensity of single proton tracks in photographic 
plates screened with lead at sea level. All these measurements refer to single 
tracks and not to stars. The only published paper on the absorption of stars 
proper is that of Stetter and Wambacher (1944). ‘These authors exposed plates at 
2,300 metres altitude, with and without a 10cm. screen of lead. No significant 
difference was found either in the number of stars or of single tracks. It seems 
generally agreed that the absorption of nuclear tracks (single protons or stars) 
is much less in a given lead absorber than in an equal weight of the atmosphere, 
though it is apparent that much still remains to be done on the absorption of the 
star-producing radiation, based on measurements of the stars themselves. We 
have therefore exposed packets of the new Ilford Nuclear Emulsion plates at the 
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Jungfraujoch Scientific Station under various lead absorbers up to a maximum 
of 28 cm. of lead, and under carbon absorbers up to a maximum of 2-5 metres of 
carbon. Further plates were kept at sea level. In this paper we discuss only 
the results obtained under the lead absorbers; the results for carbon will be dealt 
with in a separate communication. 

We use the term “intensity of the disintegration stars’’, or ‘‘star intensity” 
for short, to mean the number of disintegrations recorded in the Nuclear Research 
plates per cubic centimetre of emulsion per day of exposure. We shall frequently 
find it necessary to refer to the radiation causing the stars, and for the sake of 
brevity we shall call it “‘N-radiation’”’. Finally, by ‘size distribution” we shall 
understand a frequency diagram showing the number of stars containing more than 
n tracks, plotted as a function of 7. 


§2. EXPERIMENTAL 


The plates used for this experiment were Ilford Nuclear Research, Type Cy, 
50 microns thick, loaded with boron (borax). They were exposed in the alumin- 
ium cabin on the roof of the Scientific Station, Jungfraujoch, Switzerland, height 
3,457 metres, average barometric pressure 50 cm. Hg. Care was taken to main- 
tain the roof clear of snow, which was never allowed to remain above 3 inches thick. 
‘The cabin was maintained between the temperature limits 17° and 24° c. through- 
out the exposure. 

The screening was arranged as follows. ‘The plates were placed on edge with 
the plane of the emulsion vertical, and a screen, ¢ cm. thick, built up of lead bricks 
on the four sides. A roof of lead, tcm. thick, was then placed on top, as shown in 
Figure 1. Each packet of plates was provided with its own separate screen. 
When we refer to plates being exposed under a thickness of tcm. lead, we refer to 
plates screened on five sides to ¢cm., as shown in Figure 1. 


Ss 


: ‘ 
LLL); 


Relative Star Intensity 


; i 2 
Figure 1. Arrangement of absorbers. Thickness of Absorber, ¢ (cm Pb) 


Figure 2. Absorption curve of the star 
intensity, in lead. 


‘The plates were exposed in two groups. In the first group the exposure was 
for about 60 days and consisted of plates screened by 0, 15, and 28cm. of lead. 
The second was exposed for about 100 days and the plates in it were screened by 
0,5 and 10 cm. of lead. In order to minimize the effects of fading, and any stars 
that might have been formed while the plates were in transit, they were developed 
immediately after removal from the lead screen. A further packet of plates was 
exposed simultaneously in our laboratory on the roof of the Senate House 
University of London, for about 100 days. . 
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.§3. EXPERIMENTAL RESULTS 


In recording nuclear disintegration stars in photographic plates care must be 
taken not to include stars caused by naturally occurring radioactive contamination. 
To this end we have adopted the definition that a star shall consist of at least 
three tracks radiating from a common centre, of which at least one track must 
be longer than 60 microns in the emulsion. From the stars consisting of three 
tracks we have eliminated those which could be attributed to the ae of an 
incident proton in the emulsion. 

From the examination of the plates we have obtained (i) the intensity and (ii) 
_the size distribution of the stars formed under lead screens at high altitude, and 
in unscreened plates at sea level. We discuss the results of these two investiga- 
tions separately. 


(1) Absorption Curve of Stars 


The results showing the relative star intensity under the different absorbers 
are given in Table 1. A total of 2,032 stars has been recorded in 4-7 cm® of 
emulsion. In each of the two groups of plates that were exposed for about 60 and 
100 days respectively, we included an unscreened packet of plates to serve as a 
control and thus to enable us to allow for any possible effect of fading. ‘The star 
intensity in the screened plates of each group, expressed as a percentage of the 
unscreened control plates in the same group, are given in the last column of the 


"Table. 


(1) (2) (3) (4) (5) (6) (7) 


a G64 0 155 0-775 440 8-8 40-4 100 
ee 66 15 123 0-615 2070 S51 2035 eb ket 
ates 65 28 175 0-875 170 3:02:23" 34.22-5 
pea ( 100 0 118 0-59 481 8-2 +0-37 100 
“ae 4 110 5 84 0-42 B30 Sa 74 04 90-45 
tee 111 10 89 0-445 Dn3F 5:0 80:3 Dons 
Sea level 110 0 198 0-99 102 0-94-+40-10 
Total » * 042 4-7 2032 
ee 


(1) Exposure (days); (2) thickness of absorber (cm. Pb); (3) area of plate (cm?); 
(4) volume of emulsion (cm*); (5) stars >3 tracks; (6) stars/cm®/day; (7) star intensity (%). 


* Exposed about 60 days at altitude 3,457 m. 
+ Exposed about 100 days at altitude 3,457 m. 


On comparing the intensities in the unscreened plates exposed for the two 
different times it will be noticed that the number of. stars lost due to fading 
when the exposure is increased from 64 to 100 days is small, of the order of a few 
per cent. Thus we feel that the errors in the relative star intensity within one 
group due to fading will be of the order of 1 to 2%, and hence less than the 
standard deviations of the individual readings. ‘The points in the last column of 
the Table are plotted in Figure 2. The points can be fitted to an exponential 
curve, giving for the mean range in lead of the N-radiation, Rp, =310 + 20 gm/cm’. 
Our present investigations do not allow us to say at this stage whether there is a 
Rossi maximum in the star.curve at about 2cm. of lead. We are carrying out a 
further investigation using small thicknesses of lead in order to settle this point. 
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At the moment it appears probable that if there is a Rossi maximum in the star 
curve it is small—an increase of not more than 10 to 20%. 

From a comparison of the results in the unscreened plates at high altitude and. 
sea level we may also obtain the range in air, R,;, of the N-radiation. The 
difference in mean pressure between our sea-level laboratory and the Jungfraujoch. 
is 25cm. Hg or 340 gm/cm®. Thus, taking the mean value for the unscreened. 
plates at the high altitude as 8-5 stars per cm? per day, and at sea level as 0:94, the 


range in air is given by 
8:5 340 
raerees (=) Fee Ie er 5 (2) 


giving R,;,=150+7 gm/cm?, or in other words, the range of the N-radiation in 
air is almost exactly one half of its range in lead. This result is discussed further 
below. 


(11) Szze Distribution of Stars 


In Figure 3 we show the size distribution of all the 2,032 stars recorded in this 
investigation. We will call this the mean size distribution of all stars. Plotting 


— —— Results of Wambacher 
using Agfa K plates 


| ¢-0 


[ ¢- Scm.Pb 


I(>n) 


2 4 dap Ge es.) WE eens ce ie er ee ea ia ee keer 
Number of Tracks in Star, 72 Number of Tracks in Star, 7z 
Figure 3. Mean size distribution of all stars. Figure 4(a). Size distribution for t=0 and. 
(GVA (Seo, 180 


log I(>n) against 7, where I(>n) is the number of stars with more than z tracks, 
the results appear to lie on a straight line for 3 <n <9, and on another straight line: 
for n>9. For the first part of the curve we have 


I(>n) =I, exp (— 0-487) 31 Ue eee eae (3a) 
while for the second part we find 


I(n)=0-28Iyexp(—033n) > 9. ee (3b) 
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We do not attach any great significance to the size distribution given by the- 
empirical relations (3 a), (3), since the distribution must in fact be a very compli-. 
cated relation, depending on the energy spectrum of the N-radiation, the chemical. 
composition of the emulsion etc. For example, the size distribution given by 
Bagge (1946) obtained from the work of Wambacher in Agfa K plates is also 
plotted in Figure 3. These results refer to stars of a similar size range to ours, 
and were obtained at a comparable height, but the number of stars recorded falls 
off much more rapidly in the Agfa emulsion than was found with the Ilford 
emulsion. 

What we do feel to be of significance, however, is that within the limits of the. 
errors of measurement we find the same size distribution of the stars under all’ 


] f=l0cm.Pb u 


[ ¢=1s0m.00 


100 


100 


50 | f=28cm.Pb 


20 


[ Sea-level plate 


i 2g 
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ay 2 
i | 
05] 05 
0-2 0-2 
! 
0-1 01 
ie eee Oe ow ie nee AFIS er 18 ee See a asim al aaa ee 
Number of Tracks in Star. 72 Number of Tracks in Star, 7 
Figure 4(b). Size distribution for t=10 and Figure 4(c). Size distribution for £=28 cm. Pb 
5.cm. Pb. and for sea-level plate. 


thicknesses of lead and at sea level. This is illustrated in Figures 4 (a), (b) and (c), 
in which we show separately the points for the size distribution measured under 0) 
and 5 cm. Pb, 10 and 15 cm. Pb, 28 cm. Pb and at sea level respectively. In each 
case the curve plotted is the meansize distribution, and it is seen that the individual, 
distributions do not differ from the mean to any significant degree. 


§4. DISCUSSION OF RESULTS 


We may summarize the above results as follows. The range in lead of the 
N-radiation is found to be 310+20 gm/cm., whereas its range in air is 
150+7gm/cm?. Nosignificant difference has been detected in the size distribution 
in plates exposed under lead screens up to a maximum thickness of 28 cm. at Jung-- 
fraujoch, or in plates exposed at sea level. In this discussion we shall show that. 
these results support the prevalent view that most of the stars are due to neutrons.. 

Concerning the range of energies involved, we estimate that the energy re-- 
quired to produce the average star is about 100 Mev., while stars of energies up to. 
and even well above 1,000 Mev. have been observed (Leprince-Ringuet et al. 1947).. 
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Now, in the first place, the production of stars by neutrons is possible. ‘Thus 
Lattes and Occhialini (1947) and C. F. Powell and Occhialini (1947) both give 
‘examples of stars which, from a consideration of the resultant momentum and the 
energy of the tracks, may be attributed without doubt to neutrons. Similarly, 
W. M. Powell (1947) has reported the production of many stars in the gas of a 
Wilson chamber bombarded by 90 Mey. neutrons. A photograph showing two 
-of these events is published by Morrison (1948). 

Photons, deuterons, alpha-particles and o-mesons have also been shown to be 
capable of causing stars, and their possible contribution to the observed star 
intensity must be considered. Thus C. F. Powell and Occhialini (1947) have 
recorded some stars that must be attributed to photons, and stars have also been 
formed in cloud chambers by 100 Mev. photons from the G.E.C. Schenectady 
betatron (Baldwin and Klaiber 1946, 1948). However, we believe that the shape 
of the star absorption curve, Figure 2, rules out the possibility that any appreciable 
fraction of the observed stars can be caused by cosmic-ray photons, and this 
conclusion is further supported by the cloud chamber observations of stars 
(Hazen 1944). Using a chamber containing several lead plates, Hazen has shown 
‘that most of the low-energy stars are caused by a non-ionizing radiation which 
is not the photon component, since the stars did not appear to be associated with 
cascade showers. ae 

Furthermore, the production of stars has been shown to take place when 
energetic protons, deuterons and alpha-particles are fired into a photographic 
emulsion (Gardner 1947). Blackett (1937) observed that the number of protons 
at sea level of momentum less than 500 Mev/c. is only about 0-2°% of the total 
corpuscular radiation, and it is exceedingly unlikely that the number of protons 
with energies less than 1,000 Mev. will greatly exceed this figure. ‘The number of 
other heavy ionizing particles is very much smaller than the number of protons. 
We show in the next section that the star-producing radiation must constitute 
about 4% of the total charged corpuscular radiation at sea level, and hence we 
conclude that not more than about 5% of the stars can be attributed to protons. 

Moreover, stars are known to result from the capture of o-mesons (Perkins 
1947 a, Occhialini and Powell 1947). ‘This interaction always appears to occur 
when the o-meson has come to the end of its range. Of the 2,032 stars observed, 
the number with more than three tracks produced by o-mesons was only 27, or 
about 1% of the total. After correction for the loss of c-mesons due to the small 
thickness of the emulsion (Lattes, Occhialini and Powell 1947), we find that this 
upper limit becomes 2%. We have not observed any stars that could be attri- 
buted to the capture of a o-meson in flight with an energy less than 10 Mev. There 
remains the possibility that a fraction of the stars may be attributed to o-mesons 
(assumed to experience strong nuclear interactions) with an energy greater than 
10 Mev., in which case they would not leave detectable tracks in the emulsion. 
We cannot rule out this possibility entirely from the available experimental 
evidence, but we believe the fraction of stars caused in this manner is probably 
small, for the following reasons. ‘lhe energy loss of a o-meson in traversing our 
thickest absorber of 28 cm. would be approximately 500 Mev. This would result 
in a considerable hardening of the emergent o-meson spectrum, which one would 
expect to observe in the size distribution of the stars. Actually no such change 
was found. Furthermore, we believe that the number of such o-mesons that 
must be assumed to exist is not compatible with the results of cloud chamber 
investigations at sea level and high altitude. 
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Let us therefore make the assumption that most of the stars are caused by 
neutrons with energies within the rough limits indicated above. As a first 
approximation we make the further assumption that the cross-section for the 
production of stars is proportional to the nuclear area. In other words, if 7 is the 


| effective nuclear radius for a nucleus of mass number A, then we shall have 


4 
EOLA tee | as =(4); 
with 7910-8 cms, 
which value is chosen to fit our own range measurements and is reasonably. 


consistent with the cross-section found for the scattering of energetic neutrons by 
nucleons and with the current theoretical values. 


The total nuclear cross-section will be given simply by a=7r?, and since the: 


_ number of nuclei per unit mass, 7, is N/A where N is Avogadro’s number, the: 


mean free path for these energetic neutrons will be, theoretically, 
1=1/nar? gm/cm? or [=AtINeremicme. | Gila. (6) 


Substituting the value (5) for 75, we obtain /,;,=130gm/cm?, lp, =310 gm/cm?.. 

We do not attach much significance to the agreement between these calculated 
values of the primary range and the observed ones, since the assumed value (5) of 
7) is uncertain to within a factor of two. What perhaps is of more significance is. 
the ratio Jp,//,;,, which is independent of the assumed value of 7) and has the value- 
2:4, whereas the observed ratio of the ranges of the N-radiation in lead and air 
has the value 2-1 + 0-2. 

Thus the difference in the range of the N-radiation in air and lead could be- 
due to the existence of an unstable neutral particle, as has been suggested by 
Perkins (1947 c), or to a stable neutral particle possessing a collision cross-section. 
which is proportional to the nuclear area. 

We can likewise fit in the observed constancy of the star size distribution. 
with the assumption that the stars are produced by neutrons, for any change in the 
size distribution could only be caused by a change in the energy spectrum of the 
primaries. If, for example, the neutron collision cross-section decreased rapidly 
with energy in the energy range considered, then we should expect the neutron. 
energy spectrum to become weighted to higher energies as they passed through an 
absorbing layer, and hence the stars recorded under absorbers would be expected. 
to show a greater preponderance of large stars. ‘That this is not so is shown by 
the observed constancy of the size distribution, which we believe to be consistent 
with the expected constancy of the neutron cross-section for energies in excess of 
a few hundred Mev. 

From equation (6) and the known constitution of the ford Nuclear Emulsion 
we obtain a value for the range of the N-radiation in the emulsion : 


Poe oa T= 200 emcm* = 50cm... tase (7) 


where 2, is the number of atoms of atomic number A per unit mass of emission 
and o, their cross-section, o,=77j4'. From this range we have been able to 
form an estimate of the flux of the N-radiation as follows. Let S be the number of 
N-particles from all directions crossing one cm* per day, and / the number of 
stars formed in the unscreened emulsion per cm® per day. ‘Then 


Siig, paceman at aiaaane man it (8) 
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This gives, from (7) and the ‘Table, 


S =425/cm?/day at Jungfraujoch (9a) 
=12°% of total charged corpuscular radiation, f “""""" 

S =47/cm?/day at sea level (9b) 
=4°% of total charged corpuscular radiation. Jf “| 


These intensities are much greater than the intensities of penetrating neutral 
radiation recorded by Rossi and Regener (1940) and by Janossy and Rochester 
(1943). However, it is likely that these authors were recording neutrons of 
higher energies than the neutrons responsible for the majority of the stars, and it is 
reasonable to assume that the neutron energy spectrum would show a decrease 
with increasing neutron energy. 

‘ Attempts have been made to measure the flux of fast neutrons using 
BF,-filled counters (Funfer 1938, Korff and Hamermesh 1946) and photographic 
plates (Bagge 1946, Morand 1947). We do not feel that the counter measurements 
are sufficiently developed to enable a useful comparison to be made with our 
results. The fast neutron fluxes recorded using photographic plates agree 
reasonably well with the estimates (9). Bagge (1946) calculates the flux of fast 
neutrons at Jungfraujoch to be about 600 pér cm? per day, from the experiments of 
Schopper (1937, 1939) who observed the increase of single proton tracks in plates 
covered with thin layers of paraffin.’ An estimate of the fast neutron flux at sea 
level has recently been made by Morand (1947). His figure is 43 fast neutrons 
‘per cm? per day at sea level. This figure is based on a measurement of single 
proton tracks observed to startin the emulsion. ‘They are attributed to protons in 
the emulsion that recoil from fast neutron collisions. 

Further evidence on the nature of the N-radiation is provided by the high 
altitude cloud chamber studies of W. M. Powell (1946) and Hazen (1944), who 
used chambers containing several lead plates. In the work of W. M. Powell the 
cloud chamber was counter-controlled, whereas Hazen’s chamber was expanded 
at random. ‘These authors are in agreement that most stars arise from a non- 
ionizing component of cosmic radiation, which is not to be identified with the 
photons of the soft component. Since Hazen used no counter-control, his results 
are probably the more comparable with our observations of stars in photographic 
plates. We will therefore attempt to correlate our results further with his, which 
were obtained at an altitude of 3,300 metres. 

Hazen observed fifty-eight stars and 19,000 penetrating particles in the same 
time. ‘The chamber contained eight 0-7cm. thick plates of lead separated by 
2:5cm.ofair. Ofthe 58 stars, two small ones originated in ti 2 gas of the chamber. 
The particles constituting these two stars had ranges less than 0-7cm. Pb. This 
enables us to form an estimate of the number of stars formed in the lead plates 
giving rise to particles with ranges less than 0-7 cm. Pb. The relative stopping 
powers of the lead plates to the air spaces is 2:6 x 10° expressed in gm/cm?. From 
our knowledge of the relative ranges of the N-radiation in air and lead (= 150/310) 
we therefore conclude that for every star observed approximately 2/58 x 2-6 x 103 
x 15/31 or 40 stars containing only short range tracks were not observed. Hazen 
-arrives at a figure of 100 for this factor, but had not allowed for the difference in 
range of the N-radiation in lead and air. Using our value of the range of the 
N-radiation in lead, 28 cm., we may now form an estimate of the flux of the ~ 
-N-radiation in Hazen’s cloud chamber observations. The total thickness of lead 
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am the chamber was 5-6 cm., and hence the chance of the formation of a star in the 
chamber by a primary traversing it was 1/5. Since the number of penetrating 
particles was 19,000, we will relate the N-particles to twice this number of charged 
particles since at this altitude the proportions of the hard and soft components are 
just equal. Hence the number of N-particles expressed as a ratio of the total 
cosmic-ray flux of charged particles is approximately 


N-particles x 100 peo tU XD 100 
Total charged cosmic rays 2 x 19,000 


= 30%. 


‘This figure is somewhat uncertain owing to the small number of stars originating 
in the gas of the chamber, and is to be compared with our figure of 12%. It must 
be borne in mind that our figure will err on the low side because of the number of 
Stars consisting of particles with energies above the limit of detectability in the 
emulsion. ‘Taken in conjunction with Hazen’s conclusion that the initiating 
particles are predominantly neutrons for the lower energy stars, there seems to be a 
fair measure of agreement between the conclusions from the cloud chamber and 
photographic plate observations on stars. 


von CONCLEUSION 


The absorption curve of Figure 2 shows that the main bulk of the stars cannot 
be produced by the soft component, and the rapid increase with height shows that 
they cannot be caused by the penetrating component (u~ mesons), since this com-= 
ponent only increases by a factor of 1-7 at the altitude of the measurements. 
‘This leaves as alternatives the proton, neutron and o-meson components. From 
the absorption coefficient we find that the required flux of N-particles at sea level 
must be about 4% of the total corpuscular radiation. ‘The observed rate of 
protons at sea level (Blackett 1937) shows that not more than about 5% of the 
stars can be attributed to protons. 

This leaves us therefore with the neutrons or o-meson components. Our 
observations on the absorption of the N-radiation in lead and air are consistent 
with the assumption that the N-particles are neutrons, in agreement with the 
-cloud-chamber evidence, possessing a range proportional to A’, and energies 
in the rough limits of 100 Mev. to greater than 1,000 Mev. ‘The size distribution 
of the stars is found to be the same under all absorbers, and this is again consistent 
with the prevalent view that the N-rays are neutrons. 

The possibility that the stars are also caused to a certain extent by energetic 
o-mesons cannot be ruled out, but it appears probable that the contribution from 
this component must be small. 

Note added in proof. Since writing the above, figures for the absorption of 
the N-radiation in lead and air have been published by G. Bernardini and his 
collaborators (Phys. Rev., 1948, 74, 1878) which are in close agreement with 
our values. 
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ABSTRACT. The delayed coincidence method has been studied in some detail and 
employed in a search for short-lived isomers in the product nuclei of B-emitters. The 


influence of counter time-lag fluctuations, which determine the short half-life limit in this. 


method, is discussed in relation to the “ differential’? procedure for recording the delayed 
coincidences. It is shown that the time lags exhibited by a Geiger-Miiller counter are 
distributed approximately according to a Gaussian law. A differential delayed coincidence 


__ recorder has been constructed in which the overall time-lags in the two input channels due 


to “ rise-time ”’ effects have been stabilized. At the coincidence stage of this recorder the 
quadratic mean deviation in the time-lag difference between the two channels due to 
“rise-time ”’ effects has been kept as low as ~510~-*sec. Details are given of the 
experimental procedure used in searching for short-lived isomers. The range of possible: 
half-lives most thoroughly investigated extends from about 3 x 10~7 sec. to about 10% sec. 
for isomeric transitions giving conversion electron energies greater than about 100 kev. 
Possible improvements in the range of the experiments are discussed. The short-lived 
isomers of 18"T'a and 18’Re have been confirmed. The ‘half-life of the metastable state in 
187Re has been found to be (5:26+0:12)x10~* sec. Negative results are reported for 19 
isotopes. In particular the metastable states reported by other authors in !°*Hg, !4!Pr, and 
124Te are not confirmed. : 
The half-life of ThC’ has been found to be (3:04+0-04) x 10~ sec. 


§1. INTRODUCTION 


INCE 1946 several nuclear isomers with short decay periods have been 
discovered by observing delayed coincidences in the radiations from nuclei 
decaying by f-emission or K-capture.t This method, using Geiger- 

Miiller counters as detectors, is capable of disclosing, in the product nuclei, 
metastable levels with half-lives from about 10-’ to 10-*sec. Most of those so 
far established have half-lives (from 5 x 10-® to 2 x 10~°sec.), transition energies, 
and internal conversion coefficients consistent with electric octopole or magnetic 
dipole transitions. This paper discusses delayed coincidence experiments in 
some detail, including a search for short-lived isomers. Geiger-Miiller counters 
have been used for the detectors. 


§2. DELAYED COINCIDENCE RECORDERS 


The “differential”? and ‘integral ’’ delayed coincidence recorders developed 
in this laboratory have been described briefly in an earlier paper (Bunyan et al. 


1948). 
(i) Integral Recorder 


The integral recorder, developed first and intended to have only the best 
electronic performance readily achievable, does not exhaust the capabilities of 
Geiger-Miiller counters as regards coincidence resolution. The pulse length in 

* Now at the Institutt for Atomenergi, Oslo. 


+ Bittencourt and Goldhaber (1946), Bowe et al. (1948), Bunyan et al. (1948), De Benedetti and 
McGowan (1946, 1947), De Benedetti et al. (1948), McGowan and De Benedetti (1948). 
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channel A (Figure 1) can be varied from approximately 2 x 10~°sec. upwards, 
while the pulse length in channel B is fixed at about 5x 10~’sec. The count 
due to instantaneous coincidences can be assessed by use of an anti-coincidence 
circuit of short resolving time (~2 x 10-®sec.), actuated from channel A. This 
recorder showed no loss of coincidences due to time-lag fluctuations in the Geiger- 
Miller counters used in our experiments. 


(ii) Differential Recorder 


In developing the differential recorder, the objective was an electronic per- 
formance such that the coincidence resolution would be limited only by the 
“intrinsic ” (electron-transit) time-lags of the Geiger-Miller counters. Care 
was taken to minimize effects due to fluctuations in the rise-time of the counter 
anode pulses and small variations in the sensitivity of subsequent trigger circuits 


Channel A 


Counter A 


< Source 


Counter B 


Channel B 


Figure 1. Elements of a delayed coincidence recorder. 


P=pulse-delaying circuit (differential recorder) or pulse-lengthening circuit (integral recorder). 
‘C=coincidence stage. 


in the apparatus. For this purpose the counter pulses are amplified sufficiently 
for the subsequent circuits to trigger at one-tenth of the full pulse amplitude. 
At the inputs to the coincidence stage (Figure 1) the pulse in each of the two 
channels is 2:2 x 10-7 sec. in width. The delay introduced in channel A relative 
to channel B can be varied from —10-*sec. to +10-°sec. in steps of 10-’sec. 


§3. TIME-LAGS IN GEIGER-MULLER COUNTERS 
(i) General 


The “ intrinsic ”’ time-Jag in a Geiger-Miuller counter, i.e. the time of transit 
of an electron from the region of primary ionization to the region near the anode 
where an electron avalanche occurs, depends on the type of gas-filling, the gas 
pressure and the field strength as well as on the radial distance travelled (Den 
Hartog et al. 1947, Sherwin 1948). The intrinsic time-lag can be reduced only 
by changes in the counter. 

The Geiger-Miiller counters used in the experiments with the differential 
recorder described in § 4 (i), (ii) of this paper are cylindrical end-window counters, 
of cathode diameter 2:-5cm., anode diameter 0-020 cm., cathode length 5-5cm., 
anode length 3 cm., and filled with 9 cm. Hg pressure of argon and 1cm. Hg pressure 
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of ethyl alcohol. For such a counter the electron transit time from cathode to 
anode, according to published results (Bradt and Scherrer 1943a, Den Hartog, 
Muller and Verster 1947), should be approximately 2 x 10-7sec. Delays due to 
electron transit time will be statistically distributed when the ionizing particles 
pass at random distances from the anode, 2 x 10-7 sec. representing the approxi- 
mate maximum delay. In practice we observe a small fraction of delays, too large 
to be explained by free electron transit time alone (see §4 (i)). Sherwin (1948) 
observes a similar effect, and suggests that it may be due to fluctuations in the time 
of formation of the positive ion sheath. There may also possibly be a small 
contribution from electron attachment to form negative ions (cf. Montgomery and 
Montgomery 1947). 

The time-lag between the start of the first electron avalanche in a Geiger 
counter and the triggering of the associated electronic circuits is dependent both 
on the counter itself and on the electronic circuits. The rate of rise of the Geiger 
anode pulse is probably dependent mainly on the velocity of propagation of the 
discharge along the anode wire (Hill and Dunworth 1946, Alder e¢ al. 1947). 
For the present counters, on this basis, the pulse once started should rise to its 
peak in about 3 x 10-? sec., and reach one tenth of the full pulse amplitude in about 
Bx 10 sec. (cf. §2 (11)). 


(ii) Analysis of Time-lag Effects in the Differential Procedure for Recording 
Delayed Coincidences 


To determine theoretically the effect of counter time-Jags on the coincidence 
counting rate, we must assume them to follow some distribution law. A Gaussian 
Jaw, as we shall see, is found to describe the experimental facts closely over a wide 
range and is used in the following discussion. Bradt and Scherrer (1943 a), using 
a coincidence arrangement with a variable resolving time, have also found agree- 
ment with a Gaussian law. 

Let us first consider the case in which high energy particles are projected 
through both Geiger counters or a source which emits radiations in immediate 
succession is inserted between the counters. Assume a Gaussian distribution of 
the time lags between the primary ionizing events in a counter and the occurrence 
of the corresponding pulses at the input of the coincidence stage. Let the 
Gaussian distribution have a standard deviation f)/./2 for each counter (ty 
represents the standard deviation of the difference between the time lags of the 
two counters). Further, let ¢, and ¢, be the average inherent time lags for the two 
channels (Figure 1) and let the pulses in channel A suffer an additional deliberate 
delay t,;. Let the pulse widths in channels A and B, at the coincidence stage 
(7,4, Tp), be each equal to z for simplicity. Ifa particle causes ionization in counter 
B at a time t=0 the probability of the generated pulse reaching the input of the 
coincidence stage between t and t+dt is assumed to be given by 


1 i—te\" 
ree dt, 
toa Hae { ( to } 


and the probability for counter A, when all pulses in this channel are delayed a 
time fy, is 


18-2 
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The probability that radiations causing ionization simultaneously in both counters 
shall be recorded as being in “‘ delayed coincidence”’ is then found to be 


P(t;) =¥{[®{(t, +7 + A)/tpx/2} —Of(tg 7 + A)ftpv/2}], ee (1) 
where 
A= ty—tp, and D(x) = = 3 exp (— 27) dz. 


Let us next consider the case in which the two radiations are delayed “naturally” 
with respect to each other, i.e. the half-life of the nucleus formed in the first decay 
is “finite” (T,>10-8sec.). We shall assume that the radiation which is emitted 
first enters counter A, and the following radiation counter B, and that both give 
rise to discharges in the counters. The probability that the radiations emitted 
in the formation and the decay of the intermediate nucleus of decay constant A 
shall be recorded as being in delayed coincidence is then given by the expression 


rae Hele) 0) 
[ive GEae- Sj 


tat7T+A _ At -" ] 3p Ae 
- {1 + (Se5- a) exp (—Ar) | exp (—Aty —AA + $A7%5). 
eee (2) 


The first term is equal to P(t,), and is important only when 
—(t+ty1/2)Styt+ARrtt+tyv/2. 


The second term contains two factors, of which the first (the expression in the 
square brackets) is constant for t3 +AS7+4)(4/2+At,)). In the latter case the 
whole expression is equal to Constant x exp (—At,). Figure 2 gives some examples 
of the functions P(t,;) and W(A, tj) for different values of f) and 7, with 
A=2:5 x 10% sect. We have put A=0 since this transformation results only in 
a translation of the curves along the fy axis. 

For a given fy it is seen that in order not to lose too many coincidences 7 must 
be large compared with fp. 


§4. PERFORMANCE OF THE DIFFERENTIAL RECORDER 


Some measurements made with the differential recorder serve to illustrate 
both the performance of the recorder and the effects discussed in § 3. 


(1) Instantaneous Coincidences 


Using a thin foil coated with ®°Co as a source of instantaneously coincident 
radiations, the experimental points marked on curve B of Figure 2 were obtained on 
plotting coincidence rate against the delay of channel A with respect to channel B. 
(These observed points have all been shifted about 6x 10-8sec. to the right 
in the figure in order to make the centres of the computed and observed curves 


| 


coincide.) ‘The argon-alcohol counters described in § 3 (i) were used, with a thin | 


lead radiator in front of one to increase the efficiency of y-detection. The experi- 
mental points lie closely along the curve computed from equation (1) with 
7=2°25 x 10-"sec., and ¢, = 10> sec. 
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|; For comparison we may note that (7, +7) as found by random coincidences 
| is equal to (4-37 + 0:08) x 10-7sec. It should be noted also that, for long delays t,, 
_the observed coincidence rate declines towards zero somewhat more slowly than 
is consistent with the Gaussian distribution. Thus the fraction of counter 


} time-lags which are larger than can be accounted for simply by the transit time of 


_ free electrons (cf. § 3 (i)) is actually somewhat greater than that corresponding to a 
strict Gaussian distribution. 


(ii) Stability 
Curve B of Figure 2 can be used to provide a test of the stability of the differ- 


ential recorder with respect to the time-lag difference between the two channels 
due to “‘rise-time”’ effects. The variation of the coincidence counting rate with 
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Figure 2. Differential recorder. Variation of coincidence rate with A-channel delay (tg). Curves 
A, B, C are of P(tg) computed from equation (1), and curves D, E, F are of W(A, tq) computed 
from equation (2), using A=2:5 x 10® sec—! and the indicated values of tj and 7. For the 
observed points see § 4 (i). 


a change in delay setting (¢,) is very rapid at that setting where the rate is reduced 
to half its maximum (the coincidence rate changes by about 85°% for a change of 
10-7 sec. in fg), and thus the stability of the recorder can be assessed by observing 
coincidence rate fluctuations in prolonged operation at this setting. The 
fluctuations observed in a series of readings during a continuous test run of twenty 
hours corresponded to a quadratic mean deviation in the time-lag difference 
between the two channels due to “ rise-time”’ effects of approximately 5 x 10-® sec. 
In a test of the stability against fluctuations in the anode voltage of the Geiger- 
Miiller tubes, the change in coincidence counting rate observed for a deliberate 
change of 25 volts in the working voltage on either tube corresponded to a change 
in the effective mean time-lag of approximately 2x 10-8sec. This is reasonable 
if one considers the variation with overvoltage of the velocity of propagation of a 
discharge along the anode wire of a counter (Hill and Dunworth 1946). 


(iii) Half-life of Thorium C’ 


As a further test of the performance of the differential recorder, the decay. 
period of ThC’ was redetermined. The source was an active deposit from 


radio-thorium (ThB + ThC). 
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The experimental points on curve A, Figure 3, show the variation of the 
observed coincidence rate with A-channel delay (¢), using the Th(B + C) source 
ona platinum foil between the counters. The counter in channel A was a Geiger- 
Miiller B-counter of the type described in §3(i). In channel B a proportional 
counter was used, operated in the high proportional region. ‘This counter was an 
end-window type, 2:7cm. in diameter and 5cm. long. ‘The window was a 
2:3 mg/cm? Al foil, and the counter was filled with a helium—alcohol mixture at 


Curve A: W(A,¢q) computed from 
equation (2). 


Curve B: Semi-log plot of least squares 
straight line for tq 21078 sec. 


Ty = (2:93 40-04) x 10-sec. 
= Observed points. 


Coincidence Rate (10°*sec"') , Curve A 
Coincidence Rate (10-4 sec~'), Curve B 


0 1-0 2-0 30 
ty (= A-Channel Delay in microseconds) 


Figure 3. Differential recorder. Decay curve of thorium C’. (The observed coincidence rates 
have been corrected for the decay of the Th(B+C) source.) 


atmospheric pressure, the alcohol pressure being 1cm. Hg. Owing to the lower 
electron mobility in this counter as compared with that in channel A the magnitude 
of the time-lag fluctuations is larger. Curve A (Figure 3) is of the function W(A, t,) 
computed from equation (2) using A=2:37x10®sec? (7, =2-93 x 10-"sec.), 
p= loax Watsec, and t,=2 x 10-"sec, 

The experimental points on curve B, Figure 3, are for A-channel delays equal 
to or greater than 10~sec. and fit a half-life for ThC’ of (2:93 + 0-04) x 10-7 sec. 
The error in the calibration (only approximate) of the delay lines may be as great 
as 10°%.* The half-life of ThC’ was first estimated by Dunworth (1939) as 
(3+1)x10-*sec. Recent values are those of Bradt and Scherrer (1943b), 
T, =(2-6 + 0-4) x 10-"sec.; and of Hill (1948), 7, =(3-00 + 0:15) x 10-’ sec. 


§5. DETAILS OF EXPERIMENTAL PROCEDURE USED IN SEARCHING 
FOR SHORT-LIVED ISOMERS 


(1) Preparation of Sources 


Substances to be activated have been obtained as fine, chemically pure and 
chemically stable powders (the element or its oxide) and sealed into silica tubes for 
neutron irradiation in the small pile at the Atomic Energy Research Establishment, 
Harwell. Specific activities of the desired B-emitters of 10° or more disintegrations 


* Footnote added in proof. ‘The delay lines have since been calibrated using a crystal-controlled 
pulse generator, and we find (3:04-+0-04) x 10-? sec. for the absolute half-life of ThC’. 
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per second per gramme have been obtained. In preparing sources for coincidence 
experiments, some of the irradiated powder of grain size less than approximately 
10 has been glued, using a layer of cellulose nitrate Jacquer of less than 1 mg/cm? 
thickness, to one side of an aluminium foil of about 2mg/cm? thickness. (At 
10 » grain size and a density of 15 gm/cm%, self-absorption in the grains would 
reduce the intensity of a 50 kev. electron component to approximately one-tenth 
of that in the absence of self-absorption, and the intensity of a 100 kev. component 
to approximately one-half.) 

In mounting the foil between the two counters (Figure 1) the source side 
faced counter B. 


(it) Checking the Decay Periods of the B-Emutters 


The decay in activity of all the irradiated samples has been followed, indepen- 
dently of the delayed coincidence experiments, on a separate counting equipment. 
This has served both to identify the isotopes involved and to enable the delayed 
coincidence experiment to be performed at the most favourable time for a given 
B-emitter, when more than one activity was present in the sample. 


(iii) The Sensitivity of the Delayed Coincidence Experiments 


With most of the B-emitters examined it has not been possible to detect a 
genuine delayed coincidence rate C,: that is, the total recorded coincidence rate 
C, has not been significantly different from the computed random coincidence 
rate C,. It is possible to assess, by an approximate argument, the order of 
magnitude of the minimum fraction ¢ of the {-transitions which, leading to a 
metastable state of decay constant A in the product nucleus, would give rise to a 
detectable C,. This smallest detectable C, is C.=(bN eve where it is 
assumed that the counting rate N, in counter A is due only to f-particles, 
where «p.=net efficiency of counter B for the delayed radiation; and, for the 
differential recorder, f= exp (—At,)[1 —exp { —A(r,4 +7,)}], where @, is the maximum 
intrinsic counter time-lag difference occurring with appreciable frequency. The 
corresponding minimum delay setting at which no instantaneous coincidences 
can, be recorded through the influence of counter time lags is (¢,+7g). This is the 
most favourable setting for detecting delayed coincidences. 7,, Tp are the pulse 
lengths in the two channels at the coincidence stage. For the integral recorder, 
f=exp(—Azo). exp {—A(t, —T)}, where 7) is the length of the anti-coincidence 
pulse used to suppress instantaneous coincidences (t;<t)<7,, and tg <r,). 

The individual counting rates in counters A and B being Ny, and Ng, the 
random coincidence rate is computed from C,=N,Np(7,4+7).* The relative 
error in C, is therefore the relative error y in (7,4 +7 ) fT, since Ny, Ng can be 
measured with a high statistical accuracy. The relative error in the total coin- 
cidence rate C, is, on simple statistical reasoning, 1/(C;,t)*, where ¢ is the counting 
time, and this, since C,=C;, in the limit of small C,, is 1/(C,t)*. 

C, is obtained by subtracting C, from C,, and hence, to be detected, must 
exceed the absolute error in either. Thus the minimum detectable C, is either 
aN, Np(t,+7p) or (C,/t)!={NaNp(t4 +7p)/t}?, whichever is greater. Once 
either error has been reduced to its practical limit, decrease of the other below the 


* Strictly for the integral recorder, Cr=N,Np(t4—7To): 
+ The relative error in (t,+7,) is determined partly by its stability. 
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same magnitude brings little improvement, so that at the optimum the error in C, 
should be roughly equal to the error in C,. At this limit 


(Cy)min = ON 4 €pof = 7NaNp(t4 +73) = (NNp(t4 +73)/te} 


where f¢, is the counting time required te reach this condition. 
From this 


= (N/ Na)! (ae) l 
Epo te f 
at the optimum given by 
1 
(7, +7)? 


When searching for delayed coincidences, we have at all times observed the 
conditions for optimum 4, using t, ~~ 24 hours. 


(N,N)? = (Na — Ng in general). 


(iv) Quantitative Estimate of Detection Sensitivity } 


In searching for delayed coincidences with the integral recorder we have used 
for counter B a 25cm. diameter Geiger counter with a mica end-window 
2-5 mg/cm? thick, and filled with helium—alccho] mixture to atmospheric pressure. 
For a window thickness of 2-5 mg/cm* the limiting electron energy is 35 kev.* 
‘The source was less than } cm. from the counter, and e,,> 0-05 for a sufficiently — 
energetic transition completely internally converted. (Rather strong internal 
conversion usually accompanies isomeric transitions.) The anti-coincidence 
resolving time was approximately 2 x 10° sec., the A channel pulse length, for a 
simple test for delayed transitions, set at sheet 10-*sec. and »=0- 02. Under 
these conditions, and with Ny = Ny, eps > 0-05 and ¢, = 24 hours, equation (3) gives 
the following maximum values of ¢ for the half-lives indicated: 


Da (sec) 23 X107F 6) eS tO=t LO=* 1035 1636 10-8 10-2 
¢ 3 105% 941052 — Ox 10-* > 6105s ose Ossie S10 Ses oer ee 


¢ will increase inversely as the internal conversion coefficient when this is less 
than 1. For soft electrons (<100 kev.) self-absorption ($5 (i)) and window 
absorption must be also taken into account. 

With the differential recorder (n =0-05), if the helium counters described in the 
preceding paragraph are used, the simple test of operating at a fixed delay setting 
(t; +7) (§ 5 (iii)) gives no striking gain in sensitivity over the integral recorder 
for very short half-lives. The intrinsic time-lags of the atmospheric pressure 
helium counter are excessive, and the window thickness (7 mg/cm?) necessary with 
a reduced pressure argon counter of the type described in §3(i) decreases the 
efficiency of detection of soft electron components. The values of ¢ given in the 
preceding paragraph may therefore be taken in conjunction with all the negative 
results listed in § 6 (ii). 

A numerical example of the foregoing considerations was obtained by delayed 
coincidence measurements on tungsten using the integral recorder with 
(7,4 —7)) =1-:90 x 10-8sec. About 10% of the f-particles from 187W (half-life 
24 hours) are followed by delayed conversion electrons from the decay of a 


* Counter A has been either similar to counter B, or one of the argon-alcohol counters described 
in § 3 (i) with a window thickness of 7 mg/cm? (limiting electron energy 75 kev.). 
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‘metastable level in !*’Re, of half-life 5 x 10-’sec. (De Benedetti and McGowan 
1947). No delayed coincidences have been observed in the radiations from 185W 
(half-life 77 days). In a source made of neutron-activated tungsten, containing 
both these isotopes, a genuine delayed coincidence rate C, of (1:68 + 0-78) x 10-4 
counts per second was still detected when the f-radiation leading to delayed 


_ .electron emission was only 0-17° of the total 6-radiation from the sample. The 


value of ¢ computed for this case was 0:2%. 


(v) Improvement of Sensitivity 


For half-lives less than approximately 10~’ sec. the sensitivity of the differential 
recorder can be increased by using Geiger-Miiller counters with smaller intrinsic 
time-lags, that is, effectively, argon—alcohol counters of smaller cathode diameter. 
For half-lives of approximately 10-? to 107 sec. it is an advantage with the integral 


recorder to use a correspondingly large r,._ The background counting rates may 


‘then become important but could be reduced by lead shielding. With7,~10-?sec. 
in the present recorder 7 > 0-02, and this could be improved. Over the whole 
range of operation of both recorders the sensitivity of the technique would be 
improved by careful preparation of very thin sources (e.g. by electro-deposition) 
to avoid self-absorption of low energy electrons, and by placing the sources inside 
the counters to eliminate window absorption and improve the geometrical 
‘conditions. 

For future work the possibilities offered by new methods of particle detection 
(e.g. scintillation methods employing photo-multipliers) should not be overlooked. 
Reduced detector time-lags as well as improved efficiency of y-detection (cf. the 
effect of <p. in equation (3)) are both important. | 


§6. EXPERIMENTAL RESULTS* 
(i) Positive Results 


15!Ta: First found by De Benedetti and McGowan (1946), the metastable 
level (half-life (20-1 +0-7) x 10-®sec.) in 133Ta following the B-decay of 'S3Hf 
(half-life 48 days) was investigated by us and a report on the decay scheme given 
in an earlier paper (Bunyan ef al. 1948). Benes et al. (1948) report in their 
examination of 'SSHf with a B-ray spectrometer that L-conversion of the soft 
-y-ray following the metastable level in '33’T'a is greater than K-conversion. ‘Thus 
the value of 200 kev. which we gave Ebr the energy of this transition, obtained 
by adding the K-binding energy (70 kev.) to the energy of the conversion electrons 
(130 kev.) as found by absorption, is too high. Benes et al. give the energy of the 
y-ray as 128kev. from their spectrograph measurements. 

187Re: B-decay of 13{/W (24 hours half-life) leads to a metastable level in '*’Re, 
first reported by De Benedetti and McGowan (1947). Figure 4 shows the results 
* of one of our experimental runs with the differential recorder using a '8’W source. 
Counter A was one of the 2:5.cm. diameter argon counters and counter B one of 
the 2:5cm. diameter atmospheric pressure helium counters (§5(iv)). Curve A, 
Figure 4, illustrates the type of record obtained when both instantaneous and 
delayed coincidences originate from the same source. Curve B, Figure 4, is a 
semi-logarithmic plot of the coincidence rate for A-channel delays >7 x 107’ sec. 


* Since the work described here was completed, De Benedetti and McGowan (1948) have 
published an account of a séarch for short-lived isomers. 
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Figure 4. Differential recorder. Decay curve of the metastable state in 187Re. (The observed! 
coincidence rates have been corrected for the decay of the '*’W source.) 
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198Au. Madansky and Wiedenbeck (1947) reported a metastable level in '$*Hg, following 


B-decay of 1®$Au, whose existence neither Mandeville and Scherb (1948) nor ourselves have 
been able to confirm. 

199Au was formed by the decay of !°°Pt (31 m.). The sensitivity of our tests in this case 
is + that implied from § 5 (iii), (iv). since radiation from 3-3 days !°’Pt present in the source 
tended to mask possible delayed coincidences. 

141Ce. A metastable state of half-life (7+2) x 10-5 sec. in ™'Pr following B-decay of 
141Ce was reported by Hirzel et al. (1947). In measurements with the integral recorder 
over a range of integrating pulse lengths (7,) up to several times 10~‘ sec.,* and with the 
source deposited on the inside of the window of counter B no delayed coincidences were 
detected by us. 

143Ce and }43Pr were also tested in the same fashion as 1Ce. In the case of 14%Pr, 
owing to the masking effect from the f-radiations of 144Ce present in the source, the sensi- 
tivity of the test was about 4 that implied by § 5 (iii), (iv). 

124Sb. Hirzel etal. (1947) also reported a metastable state of half-life (1:2 -- 0-4) x 10-3sec. 
in 4Te formed by f-decay of 4Sb. Tests were made over a range of integrating 
pulse lengths up to several times 10~* sec.,* but none with the source inside the counter. 
No delayed coincidences were observed. 

185Re (product nucleus of '*°W) is possibly of some interest since it possesses the same 
spin (5/2) and the same magnetic moment (3:3 nuclear magnetons) as 187Re, which has a 
metastable state. In spite of our negative results, 18°Re may have a metastable state outside 
the reach of the present method, or any method so far tried with this isotope. 


* The upper limit of detectable isomeric half-lives is about 10 times that for 7,=10-5 sec 
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The value of the half-life, computed by the method of least squares from the values 
for A-channel delays >10-Ssec., is (5-03 + 0-12) x 10-?sec. The probable error 
given is derived purely from statistical considerations; the error due to the 
uncertainty in the calibration of the delay lines may be as great as 10%.* 


(ii) Negative Results 


The following f-emitters were examined without evidence being obtained of 
metastable levels in the product nuclei. Except with the Ce and Pr activities, 
when the source was placed on the inside of the window of counter B,+ radiation 
entering counter B had to pass through a window 2:5 mg/cm? thick (limiting 
electron energy 35kev.). The 8-counter, counter A, had either a 7 mg/cm? or 
a 2:5 mg/cm® window. ‘The sensitivity of our tests is discussed in § 5 (iii), (iv). 
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DTS CUSs LOW 


on paper by F. C. Cuampion and R. R. Roy entitled ‘‘ The Scattering of 
Fast B-Particles through Large Angles by Nitrogen Nuclei” (Proc. Phys. 
Soc., 1948, 61, 532). 


Professor N. FEATHER (Edinburgh). Comparison of experiment with theory obviously 
involves averaging over a finite range of B-particle energy, not only because the theoretical 
result is energy-dependent, but also because the distribution of scattering points over the 
chosen scattering volume will be different for particles of different energy (due to differences 
in extent of magnetic deflection) and because the penetrability of the counters will also be 
different. Equally obviously, there is a limit to the amount of computation which is 
profitable. I should like to enquire whether the authors think that their correction terms 
omit any serious effect of energy-dependence. 


Dr. W. T. Davies (Clarendon Laboratory, Oxford). It may be of interest to mention 
some unpublished results by Dr. C. O’Ceallaigh and myself on the nuclear scattering of 
electrons in air. ‘The work was carried out in Cambridge and London before the war; 
the conventional cloud chamber method was used, and the energy range investigated was 
from 1 to nearly 3 Mev. 

In a measured track length of nearly 90 metres, out of a total length of about 210 metres 
we found eight cases of elastic scattering through more than 50° where 1 or 2 were to be 
expected. In view of the smallness of these numbers the significance of our results is 
open to doubt, although I should point out that the divergence from theory becomes even 
greater when a correction is applied for the restricted observational solid angle. <A fact 
of possibly greater significance, however, is that scattering with an apparent energy loss 
exceeding 0-2 of the incident energy was found by us to occur with roughly the same 
frequency as elastic scattering for angles of scattering greater than 20°, whereas according 
to an estimate by Mott it should be of order 1/100 as frequent (Mott and Massey, The 
Theory of Atomic Collisions (Oxford : University Press), p. 272). 


AuTuors’ reply. We do not consider that our correction terms omit any serious effect 
arising from‘energy-dependence. ‘The corrections involved have been the subject of previous 
examination on several occasions for particles from the same source, and the energy distri- 
‘bution between B=0-84 to 0:94, in the scattering volume considered, is well known experi- 
mentally. While the penetrability of the counters will be different, as the critic suggests, 
it will not make a serious contribution over the range of energy considered. Such possible 
errors and others being taken into account, together with those arising from probability 
fluctuations, would indicate an accuracy of -— 20°. 

We have pointed out that our experimental apparatus is unsuitable in its present form 
for the examination of inelastic collisions. In earlier experiments with nitrogen and a 
non-controlled cloud chamber, very few examples of inelastic collisions were found. 
However, the energy region just below 1 Mev., investigated by the authors, is considerably 
less than that used by Dr. Davies. It is just possible that inelastic collision may increase 
rapidly with energy above about 1 mev., but the recent results of Van de Graaff et al., which 
claim extreme accuracy, show no indication of this. 


LETTERS “(Op PRESSE DITOR 


Infra-Red Photoconductivity in Layers of 
Tellurium and Arsenic 


Evaporated layers of tellurium have been prepared which exhibit marked photocon- 
‘ductivity at low temperatures when irradiated by wavelengths in the near infra-red, although 
previous investigators have concluded that this element is not photosensitive (Coblentz 
1918, Brown and MacMahon 1929). 
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The films were deposited on graphite electrodes on the inner walls of small pyrex 
Dewar flasks. For a tellurium layer, about one milligram of material was inserted into the 
flask, which was then evacuated to a pressure of less than 10-§ mm. of Hg, as recorded 
on an ionization gauge. The material was distilled on to the outer wall of the vessel and 
purified by heating just below the evaporation temperature for periods of one to several 
hours. Finally the layer was distilled on to the electrodes. 

Taking the thickness of the films as 10-4 cm., specific resistances of about 1 ohm cm. 
were obtained at room temperature, and 10-20 ohm cm. at liquid oxygen temperature. 
The response times of the layers (i.e. time required for signal to decay to 1/e after illumina- 
tion by a pulse of light) were in the range 500 to 1,000 microseconds. The spectral distribu- 
tion of sensitivity was measured for one layer which was made in an envelope with a thin 
“bubble ”? window of pyrex for which the absorption would be negligible over the range 
of wavelengths concerned. The results are shown in Figure 1, where the relative signal 
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Figure 1. Spectral sensitivity of tellurium Figure 2. Spectral sensitivity of arsenic 
layer at 90° k. layer at room temperature. 


output (referred to constant incident energy) is plotted on a logarithmic scale. It may be 
seen that a rapid exponential fall of sensitivity commences at 2:7 ». The most sensitive 
tellurium cell so far made gave a signal equal to r.m.s. noise in 1 c/s. bandwidth for an 
incident energy of 10~-® watts from a source at roughly 2,000° K., using an interruption 
rate of 800 c/s. 

Banks, Neuman and Schoenfeld, working at the Polytechnic Research and Development 
Company, Brooklyn, New York, under a contract with the U.S. Office of Naval Research, 
have independently observed photoconductivity in evaporated and sputtered films of 
tellurium. 

Layers of arsenic showing slight photoconductivity have also been prepared. It is 
to be noted that whereas for tellurium the effect was appreciable only at low temperatures, 
for arsenic strong cooling ruined the layer. 

Some preliminary measurements have been made on layers of arsenic prepared by 
techniques similar to those used for tellurium. It is, however, much more difficult to 
produce mechanically stable layers of this material, and so far only one layer with sensitivity 
adequate for measuring the spectral response curve has been made. Even in this case 
very low resolution had to be used in order to get sufficient energy on the layer. ‘The curve 
is shown in Figure 2. As the wavelength is increased, an exponential fall off begins at 


about 1°7 zp. 
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This layer had a specific resistance of 10® ohm cm. (approx.) and a response time of 
10-3 seconds. The arsenic layers had a grey metallic appearance at room temperature, 
‘but cooling with liquid oxygen converted them to the red allotropic form, and the photo- 
-sensitivity disappeared. 

I am indebted to the Ministry of Supply for permission to carry out this work at 
(Cambridge and to Dr. Banks for communicating to me (through Dr. G. B. B. M. Sutherland) 
the results referred to above, before publication. 


.Department of Colloid Science, T.. S. Moss. 
Cambridge. 
5th January 1949. 


‘CoBLENTz, W. W,, 1918, Bull. Nat. Bur. Stand., Wash., 14, 591. 
Brown, F. C., anp MacManon, A. M., 1929, International Critical Tables, 6 (New York: 
McGraw-Hill). 


REVIEWS OF BOOKS 


_Multiple-Beam Interferometry of Surfaces and Films, by S.' TOLANSKY. Pp. vili+ 
187. (Oxford: Clarendon Press, 1948.) 18s. 


Light interference has always been a useful tool to the scientist and the glass 
worker. A visitor to a lens factory is impressed by the ease with which lens surfaces are 
tested in the course of production. A glass gauge embodying the correct spherical surface 
_is applied, with the appropriate skill, to the lens surface and observation in mercury light 
. shows at once the contour of the surface. One interference fringe of regular shape over 
the surface represents very good quality whereas in an inferior lens the fringes are irregular 
.and are increased in number. In this application of interference and in the usual types of 
interferometers the variation in brightness produced by the fringes is sinusoidal and 
-consequently the fringes are quite fuzzy in outline. By silvering the surfaces to create 
multiple interference, sharp line-like fringes can be obtained instead of the broad fuzzy 
bands. Professor Tolansky and his research workers have pursued vigorously the applica- 
tion of multiple interference to the study of surface markings in crystals, metals etc. This 
book represents a convenient summary of their work to date. 

An immediate result of the sharpened fringes is the increased accuracy with which the 
topographical features can be measured. In extremely favourable cases an accuracy of 
3 A. is quoted as having been attained. This is indeed remarkable for a system using 

-ordinary light. 

The general tone and outlook of the book is that of practical application of this 
particular optical tool. ‘There ‘is a brief clear theoretical treatment of multiple interference, 
careful distinction being drawn between the different kinds of fringes and their localization. 
The bulk of the book, however, is concerned with the examination of surfaces of mica, 
quartz, metals etc., with results illustrated by numerous photographs. The possibilities 
of the method will be of interest to those who are concerned in the topography of surfaces, 
surface finishes etc., and there are also the possible applications to the measurement of 
small distances and movements. of small amplitude. 

A chapter is devoted to interference colour filters. This type of filter would be a very 
vuuseful addition indeed to the customary range of absorbing filters, but at present they 
remain surprisingly difficult to obtain commercially. Ry Ds 
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ABSTRACTS FOR SECTION B 


Measured Properties of Strong ‘‘ Unipotential”’ Electron Lenses, by G. LIEBMANN. 


ABSTRACT. ‘The Hartmann test and the “ knife-edge ’’ method for the determination 
of lens constants are described as applied to the investigation of electrostatic ‘‘ unipotential ”’ 
lenses. The results of measurements on a number of such lenses are presented graphically. 

It is shown that the curvature of the principal surfaces plays an important part and that it 
is, therefore, necessary to distinguish between longitudinal spherical aberration and difference 
of zonal focal lengths. Up to about half the lens diameter, primary spherical aberration 
only is noticeable in most cases. The dimensionless spherical aberration constant SS can be 
approximately represented, over a wide range of modifications of lens design or lens poten- 
tials, by the formula S=K,(f/D)?, f being the focal length and D the internal diameter of the 
centre electrode of the lens. K, is a constant of the order of 10 for the lenses investigated 
without stops limiting the axial length of the field, and of the order of 20 for lenses incorpor- 
ating such stops. In the case of one specially constructed lens, good agreement is found with 
calculations by Ramberg. In an experimental unipotential lens for which the diverging 
parts of the electrostatic field were removed, the spherical aberration is as low as in magnetic 
lenses of comparable dimensions. 


On the Electrical Properties of Cold Worked Iron Carbon Alloys, by A. B. BHATIA. 


ABSTRACT. "The change on “aging” in the electrical properties of cold worked 
iron—carbon alloys of low concentration is investigated theoretically. During the process 
of ‘‘ aging’, the carbon atoms diffuse into the dislocations, thus forming rows of atoms. 
The electrical resistance due to scattering of electrons by these rows of carbon atoms is 
expressed in terms of the scattering power of a single carbon atom dissolved in the iron 
lattice, and hence in terms of the resistance of the same number of randomly distributed 
carbon atoms. It is found that this change depends on the wavelength of the electrons 
at the Fermi surface. This wavelength is determined by the effective number of free 
electrons, and with a reasonable value of about 0:6 electrons per atom for iron, the agreement 
with the observed diminution in resistance is satisfactory. 

Alternatively, one can use the calculations to determine both the number of free 
electrons in iron and the number of dislocations in the specimen at different degrees of 
hardening, from the observed changes in the electrical resistance and thermoelectric power 
of the specimen. 
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A Calculation of the Solubility Limits of the Copper-Silver System, by M. K. I. 


ARAFA. 
ABSTRACT. A calculation is made of the change in the energy of a monovalent metal 


when one of its atoms is replaced by an atom of a different monovalent metal, not necessarily 


of the same atomic volume. From a knowledge of this energy the heat of solution can be 
determined and thereby, through the usual thermodynamic relations, also the solubility 
limits. Numerical calculations have been carried out for the copper-silver system and the 
theory shows in this case the existence of narrow solubility limits, in agreement with the 
known phase diagram. The theoretical values of the heats of solution are compared with 
those required to give the observed solubility limits. 


Mechanical Breakdown of a Non-Metallic Polycrystalline Material Observed by: | 


Reflected Light Microscopy, by J. P. Roperts. 


ABSTRACT. A study of fracturesin a well-sintered polycrystalline aggregate of corundum 
crystals has shown that the strengths of the crystals and the crystal-boundaries are approxi- 
mately equal. Reflected light microscopy was employed and the usefulness of this method 
of examination has been established. ~ 


The Measurement of the Rheological Properties of Visco-plastic Substances, by 
K. Go.LpsmiTH and J. IBALL. 


ABSTRACT. A torsion device is described in which a small and decreasing stress is 
exerted on the visco-plastic substance by means of a blade attached to a torsion wire. A 


modification of the Scott Blair-Nutting equation is suggested to account for the variation of 


”»> 


both stress and strain with time and a “‘ firmness intensity factor’ of the substance is 
calculated, by means of the modified equation, from the obsérved relation between blade 
deflection and time. The apparatus has been used to atte the properties of milk curds. 


A Comparison of the Rates of Conditioning by Different Methods, by J. CRANK and! 
M. E. Henry. 


ABSTRACT. Four methods of conditioning a sample of material to a prescribed liquid 
or vapour content are examined mathematically. ‘The ‘‘ two-stage method ”’ of conditioning 
leads to considerably shorter conditioning times than the other methods provided it is carried 
out in a certain way, and information presented in graphical form in this paper shows how 


to obtain the maximum advantage in practice. "The necessary equations are developed for 


both a plane sheet and a cylinder, and the corresponding problem in heat flow is mentioned. 


CORRIGENDA 


‘‘ Nuclear Disintegrations in Photographic Plates exposed to Cosmic Rays under 


Lead Absorbers”, by E. P. Grorce and A. C. Jason (Proc. Phys. Soc. A,. 
1949, 62, 243). 


Pages 250-251, last paragraph of §4. The figures ““19,000”’, occurring three times, should 
read “9,000”’. 


The percentage stated in the subsequent formula should read ‘“‘ 60 per cent”’ and. 
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